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ABSTRACT

The objectives of this research were as follows: 1) to study the effect of heat

treatment on apple fhiit quality, 2)to clarify the effect of heat on enzymes of the ethylene
biosynthetic pathway, 3) to determine the effect of calcium pressure infiltration on the
enzymes ofethylene biosynthesis, and 4)to examine the effect of heat and calcium treatment

in combination on apple fruit quality and ethylene production. 'Delicious' and 'Braebum'

apples (Malus domesUca Borkh.) were treated with heat (three days at 38 C)and calcium

(2% CaClj, 103 kPa, 5 minutes) alone and in combination. The fhiit quality parameters
measured were firmness, respiration and ethylene production rates, soluble solids content(on
Delicious' apples only) and calcium content. To investigate the effects ofthe treatments on

the enzymes involved in ethylene biosynthesis, assays for 1-aminocyclopropane-l-carboxylic
acid(ACC), l-(malonylamino)cyclopropane-l-carboxylic acid(MACC), and ethylene forming
enzyme(EFE)(on 'Braebum' apples only) were performed.

In experiment one, Delicious' apples were treated with heat and subsequently put into
cold storage at 0 ± 1 C for two weeks or two months. Soluble solids content, respiration
rate, and calcium content were unaffected by the treatment. The heat-treated apples were
softer than the control fhiit at both removal times. Ethylene production was inhibited in the

heat-treated fruit by 47% and 36% at two weeks and two months respectively. ACC and
MACC concentrations were not statistically difierent in the heat-treated fhiit when compared
to the control. A large amount offhiit to fhiit variation was present.

In experiment two,'Braebum' apple fruit were heat-treated and calcium infiltrated

individually and in combination, prior to storage at 20 C for 2, 7, 14, or 30 days or 0 C for
two months. The heat plus calcium treatment was the only treatment which affected fhiit

firmness. At seven days post treatment at 20 C, the heat plus calcium treated fhait were
firmer than all other treatments. In the 20 C stored fruit, all treatments significantly lowered
the respiration rate at seven days. However at 0 C, the calcium only treatment was the only
treatment to affect the respiration rate. All treatments in both storage conditions lowered
ethylene production. At 20 C, the heat and heat plus calcium treated fhiit had lower ACC
concentrations than the control at two days. At seven days, the calcium treated fhait showed
an accumulation of ACC. Similarly at 0 C, the calcium plus heat treated fhiit exhibited an

accumulation of ACC. An assay for EFE activity was performed on the fhiit stored at 0 C.
The heat, heat plus calcium, and calcium plus heat treated fhiit showed an inhibition ofEFE
activity while the calcium only treated fhiit were not affected.
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INTRODUCTION

Apple producers and wholesalers want to distribute apples ofthe highest quality possible
throughout the year, yet still make a profit. Currently, most apples are stored in conventional
cold storage at 0± 1 C. During long term storage, pesticides must be applied to the fhiit to
prevent loss due to insects and pathogens (Wills et al., 1989). But increased concern by
consumers and loss of registration ofalmost all postharvest chemicals due to environmental
protection agency (EPA) regulations are forcing those in the apple industry to look for
alternative methods of preserving fhiit quality.
One option for maintaining fruit quality that does not involve the use of postharvest
pesticides is controlled atmosphere (CA) storage. CA storage involves modifying and
regulating the gaseous concentration ofthe storage atmosphere. Fruit placed in CA storage
can be held for 12 months or longer and still be of satisfactory quality for retail sale(Smock,
1979). However,the cost of building and maintaining a CA facility is usually too expensive
for smaller producers and wholesalers(Thompson, 1992). Therefore, alternative methods of
storage are needed.
One alternative method that has received considerable attention is postharvest calcium
treatment. Calcium-treated fiiiit have been shown to respire less (Faust and Shear, 1972),
have fewer physiological disorders (Shear, 1975), be resistant to certain postharvest

pathogens (Conway, 1982; Conway et al., 1992), remain firmer in storage (Betts and
Bramlage, 1977; Scott and Wills, 1977 ), and have lower ethylene production rates (Wills et
al., 1977; Sams and Conway, 1984; Eaks, 1985). The mode ofcalcium induced reduction of
1

ethylene production has not been studied.

Another alternative method is postharvest heat treatment. Generally, these treatments

utilize temperatures between 34 and 40 C and exposure times of two to four days. Heat
treatment reduced the incidence ofsome physiological disorders, namely, scald in apple (Lurie
et al., 1990), internal browning in pear (Maxie et al., 1974), and chilling injury in tomato
(Lurie and Klein, 1991). Other benefits attributed to heat treatment are maintenance offruit

firmness(Maxie et al., 1974;Eaks, 1978; Biggs et al., 1988; Klein et al., 1990), lowering of
respiration rate (Lurie and Klein, 1990), and reduction of ethylene production (Porritt and

Lidster, 1978). Conflicting opinions exist on the biochemical basis for reduced ethylene
production. Klein (1989) concluded that heat treatment caused an inhibition of ethylene
forming enzyme (EFE) activity, whereas. Biggs et al. (1988) stated that the reduction in

ethylene production was due mainly to an inhibition of 1-aminocyclopropane-l-carboxylic

acid synthase(ACC synthase) activity and to a lesser extent inhibition ofEFE activity.
The effect of combined heat and calcium treatment on fhait ripening has not been
determined conclusively. Klein et al.(1990)found that dipping apples in calcium before heat
treatment did not affect firmness over heating alone. However, heating the fhiit before

dipping in calcium resulted in fhiit firmer than those only heated or dipped in calcium (Lurie
and Klein, 1992). Sams et al. (1993) performed a similar experiment, except they studied
calcium pressure and dip infiltration alone and in combination with heat. They found that fhiit

heated before calcium pressure infiltration were firmer than those receiving the heat only
treatment, but the fhiit were less firm than those only pressure infiltrated with calcium. This

trend was seen also for decay resistance. No data on ethylene production for the combination

treatment are available.

This thesis contains four sections. The first section is a review ofthe literature related

to this research. The second section investigates the effect of heat on fhiit quality and
enzymes of the ethylene biosynthetic pathway in "Delicious' apples. Quality parameters
measured included respiration rate, ethylene production, firmness, soluble solids content, and
calcium content.

To investigate the enzymes involved in ethylene synthesis, 1-

aminocyclopropane-l-carboxylic acid (ACC) and l-(malonylamino)cyclopropane-lcarboxylic acid(MACC)concentrations were quantified. The third section reports the effect
of heat and calcium, alone and in combination, on fiuit quality and ethylene production of
"Braebum" apples. Firmness, respiration rate, and ethylene production were used as indicators
of fruit quality. ACC and MACC concentrations and EFE activity were quantified to
determine the biochemical basis ofethylene reduction. The fourth section is the appendix that
includes a description ofthe calculations performed and the raw data collected.

CHAPTER I

LITERATURE REVIEW

CURRENT METHODS OF STORAGE

Refrigerated Storage

Traditionally, the most common form of storage of perishable products has been
refrigerated storage to lower the internal temperature ofthe fruit. Reducing fruit temperature
is important because it results in retardation of ripening, softening and textural and color
changes; reduces respiratory heat production, moisture loss, and other undesirable metabolic
changes; decreases spoilage incurred by bacteria, fungi, and yeasts(Hardenburg et al., 1986).

Important factors in cold storage are relative humidity and the maintenance of
temperature. Generally, high levels of relative humidity are desirable to decrease the water

vapor pressure difference between the fhiit and the storage atmosphere. This helps delay

and/or prevent the onset of fruit shriveling due to moisture loss (Wills et al., 1989).
Temperature maintenance is also an important factor to consider. Fluctuations of± one
degree Celsius(C)can result in increased fhiit decay and ripening (Hardenburg et al., 1986).
Recommendations for long term apple storage depend upon the cultivar of apple. Generally,

a regime 0 to 1 C with a relative humidity of 90 to 95% is employed (Hardenburg et al.,
1986).
Even in the best maintained cold storage facilities, postharvest diseases and disorders are
common during long term storage. Insecticides and fungicides commonly are used with cold

storage to extend postharvest life of fhiits and vegetables (Wills et al., 1989). But public
concern and restrictions by the environmental protection agency(EPA)limit the number and
the use ofsuch chemicals. This forces producers and processors to seek alternative methods
of quality preservation.

Controlled Atmosphere

Controlled atmosphere (CA) storage is an alternative method of apple storage that
reduces pesticide usage. CA involves modifying and regulating gaseous concentrations of
the storage atmosphere that results in a different gaseous composition from normal air.

Usually the oxygen concentration is lowered to 1% to 3% percent while the carbon dioxide
concentration is raised to 1% to 5% percent. Normally, controlled temperature management
is used in conjunction with CA. This slows the ripening rate along with associated

biochemical and physiological changes such as lower respiration and ethylene production rates
and slower softening and compositional changes(Kader, 1992). CA reduces the occurrence

of certain physiological disorders such as internal breakdown and bitter pit(Smock, 1979).
In addition, CA reduces the amount of decay caused by certain pathogens. Blue mold rot,

caused by Penicillium expansum Link ex Thom, is an example(Sams and Conway, 1985).

CA storage maintains fruit quality for an extended length oftime compared with conventional
cold storage.

CA is an important advancement in apple storage technology, but cost is a major
obstacle. The initial cost of a CA facility is about 5% higher than a refrigerated storage
facility(Thompson, 1992). This, in combination with the cost of maintaining a CA storage,
often prevents CA storage from being an option for smaller producers and processors.

Hvpobaric Storage

Hypobaric storage is controlled atmosphere storage in which the product is placed under
a partial vacuum. Partial vacuum storage delays ripening by the same methods as CA but it

has the added benefit ofremoving ethylene and other volatiles. Currently, it is not used in the
apple industry because hypobaric facilities are expensive to construct due to the low internal

pressures required (Wills et al., 1989). Hypobaric storage is the best method for increasing
postharvest life of apples but will not be economically feasible until construction costs are
lowered.

CALCIUM RESEARCH

Calcium and Cellular Physiology

Ripening can be defined as the changes "that occur from the latter stages of growth and
development through the early stages ofsenescence and that results in characteristic aesthetic

and/or food quality, as evidenced by changes in composition, color, texture, or other sensory
attributes" (Watada et al., 1984). Tissue softening is considered an important part of this
physiological function for nearly all fiuit and calcium is known to play an integral role (Jarvis,
1984). It is generally accepted that the middle lamella region ofthe fruit cell wall is one of

the primary sites ofcalcium (Ca^"^) action (Ferguson, 1984).
The middle lamella is composed primarily of polysaccharides, in particular, pectic
substances(pectins). The pectins are composed of polygalacturonic acid residues and random

rhamnose insertions which causes the chain to bend (Preston, 1979). These individual pectic

molecules contain carboxyl groups(-COOH)attached to the number six carbon that may be
methyl esterified (Anderson and Beardall, 1991). Those that are not esterified are available
for calcium binding and may form calcium salt bridges(Poovaiah et al., 1988). Salt bridges

provide additional structural integrity for the pectic molecules other than the normal alpha 1-4
glycosidic linkage. These salt bridges act as a "gluing" agent by linking together pectic
molecules of vicinal cell walls that imparts rigidity and firmness to the fruit(Demarty et al.,
1984).

At present, the exact role ofcalcium in fruit softening is unknown. It is hypothesized that
calcium has a two-fold effect. First, calcium is thought to provide cell wall integrity through
the pectic polymers as discussed above. Poovaiah (1988), using electron micrographs,

showed that apple fhiit treated with calcium and stored for six to eight months postharvest
had intact middle lamella, whereas, the middle lamella ofuntreated fhiit exhibited a signifrcant

amount of degeneration. Roy et al. (1994) utilized a colloidal gold cation probe to
demonstrate that calcium became bound to carboxyl groups in the middle lamella of apple
fruit cell walls. Second, calcium is thought to affect the enzymes directly associated with the

softening process(Brady, 1987). Polygalacturonase(PG,EC 3.2.1.15) is the main enzyme

responsible for fhiit softening. It acts by hydrolyzing pectin chains at the glycosidic linkage

OBrady et al., 1985). There are two forms ofPG, exo- and endo-. Exopolygalacturonase is
a terminal cleaving enzyme and endopolygalacturonase cleaves at random (Hartley et al.,

1982). However, there is only one documented account of extractable PG in apple tissue

(Hartley, 1978). Calcium inhibits PG activity in ripening tomato fruit (Wills and Rigney,
1979). It is thought that calcium formed salt bridges act as a physical barrier and prevent the
PG from contacting the substrate. Pectin methyl esterase(PME,EC 3.1.1.11) is involved

also in softening. Pectin methyl esterase is responsible for demethylating the pectin chains.
Current belief is that PME must demethylate pectins before PG can be active (Wills and

Rigney, 1979). The methyl groups are thought to have the same physical hindrance as
described above for the calcium salt bridges. According to Laufmann (1989), calcium inhibits
PME activity in apple.

Physiological Disorders

Calcium has long been associated with many physiological disorders of plants. Shear

(1975)listed more than 30 calcium deficiency disorders with the following being common for

apple fioiit: bitter pit, cork spot, cracking, internal breakdown, Jonathan spot, lenticel blotch,
lenticel breakdown, low temperature breakdown, senescent breakdown, and watercore. He
also found that these disorders could be present even in fi^it from trees grown in calcium rich

soils. Bangerth(1979)found that these disorders resulted from an inefficient distribution of
calcium rather than poor calcium uptake. Increasing fruit calcium concentration by
postharvest applications of calcium chloride (CaClj) reduced the occurrence of senescent
breakdown(Mason et al., 1974b), internal breakdown (Bangerth et al., 1972), bitter pit (Scott
and Wills, 1977), and storage breakdown (Scott and Wills, 1975).

Postharvest Pathogens

One ofthe major causes ofapple quality loss during storage is postharvest disease. Blue
mold rot, caused by Penicillium expansum is one of the most common and destructive.

Apples infiltrated with CaClj are more resistant to attack from Penicillium expansum than
untreated fruit(Conway, 1982; Conway and Sams, 1983). Calcium infiltration appears to

have a broad spectrum protection against fungal attack. Conway et al. (1991)inoculated
calcium treated and untreated fhiit with Glomerella cingulata, Botrytis cinerea, and

Penicillium expansum and found that decay in treated fruit was reduced by 70%,50%, and
9

37% respectively. Calcium has two modes of action in reducing fungal attack. First, the
calcium binds to pectic substances in the cell wall and hinders accessibility of the decay
causing enzymes of the pathogens (Conway et al., 1992). Second, free cellular calcium

directly inhibits the effect offungal polygalacturonase activity.

Preharvest Calcium Treatments

Original attempts at increasing the calcium content ofapple fhiit were directed toward
preharvest methods. Adding calcium-containing soil amendments was one method explored.
Calcium is primarily lost through leaching and is replenished mainly by liming (McLean,

1975). Liming can result in increased calcium uptake by roots, but high concentrations of

potassium, sodium, magnesium, or ammonium can inhibit uptake (Wiersum, 1979). Other

forms ofcalcium amendments have been tested. Calcium nitrate controls bitter pit, but only
on clay soils excessively saturated with magnesium and potassium (Mason, 1979).

Applications ofcalcium sulfate resulted in an increase in water-soluble calcium (readily plant
available) but only in the top five centimeters of soil(Mason, 1979). It has been suggested
that iffrequent applications ofCaClj are made to the soil surface, high levels of water-soluble
calcium can be maintained throughout the rooting zone(Mason, 1979).
Increasing calcium uptake by roots does not result necessarily in partitioning of calcium
to deficient tissues. Translocation ofthe element must be considered also (Wiersum, 1979).
Calcium is transported throughout the plant via the transpiration stream through the xylem.

The majority ofevidence showed calcium to be immobile in the phloem (Hanger, 1979). Fruit
10

obtain nearly all oftheir calcium very early in development before the onset of rapid growth
and concurrent increase in photosynthate import(Hanger, 1979). Two possible explanations
exist for this phenomena. First, with photosynthates moving into the fruit by mass flow, there
will be suflBcient water supplied by the phloem and xylem water(containing calcium) will be
redirected to other tissues. Second, fhait transpiration will be reduced due to a decrease in
the surface area to volume ratio (Hanger, 1979; Wiersum, 1979).

Another attempt to increase fiuit calcium content is trunk injection. Neilsen et al. (1985)
injected 1.5 liters of 1% or 5% calcium chloride directly into the trunk of'Golden Delicious'
apple trees on M26,M7,MMl11, or seedling rootstocks. Injections were performed in May,
June, July, or August. The Suit calcium concentration was not increased over that of control

fhiit, regardless ofthe month ofinjection or calcium concentration ofthe solution.
Foliar sprays are a preharvest method ofincreasing fhiit calcium concentration that has
met with some success. Lidster et al. (1978) showed that four sprays of 0.6% calcium
chloride solution applied at two week intervals, beginning in the middle of July, significantly

reduced, but did not completely control, storage breakdown of'Spartan' apples. The spray
treatments resulted in approximately a 75 part per million (ppm)increase in fhiit calcium
content. Mason (1979) looked at the effect of different spraying times on fhiit calcium
concentration and the incidence ofstorage breakdown. Seven spray dates starting July 5 and

continuing every two weeks until September 20 were employed. Results showed that three
late sprays significantly increased finit calcium content and reduced storage breakdown more

than three early sprays, but the seven spray treatments encompassing the whole growing
increased fruit calcium content and reduced storage breakdown more than any other
11

treatment. Bramlage et al.(1985)tested the effects of different calcium sprays on 'Mclntosh'
apple trees. They found that "Stopit"(a commercial buffered calcium chloride formulation),
"THIS" calcium (a chelated formulation), calcium phosphate (Ca(H2P04)2), and technical
grade calcium chloride were all equally eflfective in increasing fhiit calcium concentration and
reducing senescent breakdown and scald. It has been suggested that foliar-applied calcium
is transported from treated leaves to the fruit through the phloem. But a more likely mode is

through backflow of water in the xylem transpiration stream (Hanger, 1979).

Postharvest Calcium Treatments

Preharvest calcium treatments were inconsistent and often ineffective in increasing fhiit

calcium concentration. Therefore, emphasis was shifted toward more reliable postharvest
methods. The first postharvest method of increasing calcium content of apple fhiit was
calcium dips. 'Jonathan'(Bangerth et al., 1972) and 'York Imperial'(Faust and Shear, 1972)
apples dipped in calcium chloride after harvest exhibited lower respiration rates(as measured
by carbon dioxide evolution). This provided indirect evidence that calcium content of the

apples was increased due to the dip. Subsequent experiments verified an increase in fhiit
calcium concentration due to dipping in calcium chloride solutions. After a dip in 4% calcium

chloride solution,'Spartan' apples exhibited an increase of flesh calcium concentration of76

ppm(Mason et al., 1974b). Another study utilizing a 4% calcium chloride dip with several
difierent apple cultivars showed a consistent flesh calcium content increase of60 to 100 ppm

(Betts and Bramlage, 1977). A time course experiment was conducted and showed that as
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length oftime in storage increased, so did fruit calcium content(Mason and Drought, 1974).
This led scientists to believe that calcium from the dip remained on the apple skin and

migrated into the flesh over time through lenticels, cracks, openings, and other imperfections
in the fhiit surface (Betts and Bramlage, 1977). Addition ofthickeners, such as Keltrol, to
calcium dip solutions has been shown to increase the amount offruit calcium in 'Mclntosh'

apples to 535 ppm as compared to 130 ppm for calcium dips without thickeners (Mason,

1976). Surfactants have been shown to reduce the amount offhiit calcium uptake by causing
less calcium to adhere to the fruit surface (Mason et al., 1974a). The amount of calcium

uptake in apples from calcium dips has been shown to vaiy greatly. It is thought to be
attributed to fruit size, fruit/solution temperature difference, and cultivar (Lidster and Porritt,
1978). The main drawback to calcium dips was the possibility of fruit skin injury due to

residual calcium on the fruit surface. Rinsing the fhiit after dipping reduced the occurrence
ofinjury, but also the effectiveness ofthe treatment (Scott and Wills, 1975).
Scott and Wills(1977) developed a vacuum infiltration method ofintroducing calcium

into apple fruit. They submerged 'Gravenstein','Cox's Orange Pippin' and 'Twenty Ounce'
apple fruit into various calcium chloride solutions and applied a partial vacuum of650 to 110
millimeters of mercury(mm Hg). The treatment resulted in a retention offirmness, reduction

in bitter pit, and an approximate one week delay in ripening when held at 20 C. In one study,
vacuum infiltration increased fruit calcium level by 97 ppm more than a dip treatment
(Johnson, 1979). Besides higher fiuit calcium concentrations, another advantage of vacuum
infiltration is that the fhiit can be rinsed after treatment to eliminate or reduce calcium skin

injury (Scott and Wills, 1979; Mason, 1979).
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Another postharvest calcium infiltration method is hydrostatic pressure, also known as
deep dip. Scott and Wills(1979) studied this method extensively in 1977. The treatment
consisted of lowering the apple fhiit down a tube filled with calcium chloride solution to
depths ofup to 7.5 meters. They found that hydrostatic pressure treatment improved control
of bitter pit and breakdown compared to atmospheric dipping but was not as effective as
vacuum infiltration.

Temperature differential or hydrocooling is another proposed method of postharvest
calcium infiltration. Dipping 'Jonathan' apples with a core temperature of22.5 C in a calcium
chloride solution of -0.5 C resulted in a mean fhiit weight gain (an indirect measure of
calcium uptake) of328.3 milligrams(Lee and Dewey, 1981). The cold solution caused gases
in the intercellular spaces ofthe fhiit to contract which resulted in a lower pressure than that
ofthe ambient atmosphere. This pressure differential caused the solution to be infiltrated into
the fhiit(Lee and Dewey, 1981).
To date, the most effective and efficient method of postharvest calcium infiltration is
pressure infiltration. The principle involved is similar to vacuum infiltration in that calcium
is moved into the fhiit by an induced pressure differential between the external atmosphere

and the fruit. Conway and Sams (1983) compared dip, partial vacuum, and pressure
infiltration treatments on 'Golden Delicious' apples. They found that pressure infiltration
resulted in the least amount of decay caused by Penicillium expansum, largest increase in

calcium concentration, largest retention in fruit firmness, and the least amount of soluble

polyuronides (an indication of polygalacturonase activity) as compared to the other
treatments. Pressure infiltrating'Golden Delicious' and Lord Lamboume' apples at 5 pounds
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per square inch (psi)for eight minutes with a 3% calcium chloride solution, resulted in greater

firmness retention, lower pH, and less total browning compared to untreated fhiit(Drake and
Fridlund, 1986). Pressure infiltration of calcium reduced the rate of ethylene production
(Sams and Conway, 1984). Ethylene is the hormone thought to be responsible for induction
ofthe ripening process. This eflect was present over a seven day period at 20 C immediately

after infiltration and after five months ofstorage at 0 C. However, by day seven at 20 C after
the five month storage period, production rates of infiltrated and control fhiit were not

significantly different (Sams and Conway, 1984). Besides the above mentioned effects,

calcium chloride infiltration has resulted in improved textural attributes of apples stored at 0

C(Abbott et al., 1989). Fruit maturity has been shown to effect calcium infiltration directly
(Conway and Sams, 1985). Fruit harvested and treated two weeks after prime harvest
exhibited the largest amount of decay control and highest tissue calcium concentration, but

skin injury was excessive. Apples harvested and treated at prime harvest time had the highest
level of decay control with an acceptable level of skin injury (Conway and Sams, 1985).
Pressure infiltration results in higher quality fi"esh market apples and superior processed apple
products. Processed products of calcium infiltrated apples had more acceptable color and

firmness than those made with apples from standard cold storage and higher consistency and
less weep than those from controlled atmosphere storage(Drake and Spayd, 1983). Apple
sauce prepared from calcium infiltrated finit exhibited lower consistency values and possessed
less free liquid and lighter color than sauce made from uninfiltrated fruit(Laufmann, 1989;

Portillo, 1991). To determine the specificity ofthe calcium ion in preserving certain apple
quality factors, infiltration of other cations has been studied. 'Red Chief Delicious' apples
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were infiltrated at 68.95 kilopascals (kPa) with calcium chloride, magnesium chloride, or
strontium chloride and placed in storage at 0 C. After five months of storage and a
subsequent warming period ofseven days at 20 C, calcium-treated fhiit had the least amount

of decay, were firmer, and had lower ethylene production rates than the other treatments
(Conway and Sams, 1987). This also indicated that calcium, not chlorine, was the causal
factor. It also showed that other cations could not substitute for calcium and have the same

effects. One significant drawback to commercial use of pressure infiltration is sanitation.
Fungal spores or extraneous matter that is on the fhait or in the infiltration solution can be

forced into the fhiit and create conditions conducive to decay(Conway et al., 1992).

HEAT RESEARCH

Physiological Disorders

Postharvest heat treatments have proven successful in reducing the incidence ofcertain
physiological disorders, most notably superficial scald. Superficial scald is a storage disorder
of apple "characterized by irregular areas of skin browning that may be faint upon removal

of the fhiit from storage, but darken and expand when apples are removed to room
temperature" (Klein and Lurie, 1992). Current prevention measures are prestorage dips in
diphenylamine(DPA)or ethoxyquin(Smock, 1961). Scald in "Delicious' and 'Stayman' apples
have been prevented by immersing the apples in hot water baths before storage (Hardenburg
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and Anderson, 1965). Lurie et al. (1990) subjected 'Granny Smith' apples to 38 C for four
days prior to storage in air at 0 C. Samples were removed from storage after various times,
placed at 20 C for one week, and rated for scald development. They found that after three
months ofstorage, the heat treatment suppressed scald development to similar levels as those
treated with DPA, while control fhiit possessed significant amounts of scald. However, the
effect of heat decreased as length ofstorage time increased. Due to the slowed accumulation

of a-famesene and conjugated trienes, the effect of heat on scald development was thought
to be a reversible inhibition of enzymes involved in the anabolism and catabolism of afamesene (Lurie et al., 1990; Lurie et al., 1991).
Besides scald development, heat reduced internal browning in pears(Maxie et al., 1974)
and chilling injury in tomatoes(Lurie and Klein, 1991).

Postharvest Pathogens and Insects

Postharvest heat treatments on fhiits and vegetables date from 1929 when it was
discovered that exposure to 43 C for eight hours killed eggs and larvae of Ceratitis capitata

(Mediterranean fiiiit fly)(Couey, 1989). Heat treatments for insect disinfestation commonly
used vapor heat in the temperature range of42 to 48 C to prevent fhiit injury (Klein and
Lurie, 1992). Heat effects on fhiit insect pests have been extensively reviewed recently
(Couey, 1989).
Early attempts at controlling postharvest pathogens of apple with heat used hot water.

Submersion ofapples in hot water controlled postharvest decay caused by Gloeosporium sp.
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(Burchill, 1964; Sharpies, 1967; Sharpies and Johnson, 1976). The success of hot water
treatments depended upon high temperatures and short treatment times. Overexposure to the
hot water often caused fmit tissue damage which limited use of this treatment. Research

emphasis then tumed to hot air treatments that used lower temperatures and longer exposure
times. 'Golden Delicious' and 'Spartan' apples heated to 38 C for four to six days were more
resistant to decay by PeniciIlium and Corticium spp. than control fhiit (Porritt and Lidster,
1978). Sams et al. (1993) heated 'Golden Delicious' apples at 38 C for four days prior to
storage in air at 0 C. After six months the fruit were removed from storage, inoculated with
Penicillium expansum, and rated for decay severity after seven days at 20 C. Heated fiuit had
approximately 30% less decay than controls. In an experiment performed by Spotts and Chen

(1987), prestorage heating of'Bosc' pear controlled Mucor piriformis and Phialophora
malorum but did not affect Penicillium expansum or Botrytis cinerea. They found that fhiit
treated with heat in the absence ofthe decay causing organism were more resistant to decay
once inoculated with the pathogen after the heat treatment. This indicated that the treatments

affected the pathogen and the host. They suggested that the effect of heating probably was
on the wound site and may have involved some type of healing response. It has been

hypothesized that heat may control pathogens by protein denaturation, lipid liberation,
destruction of hormones, asphyxiation of tissue, depletion of food reserves, or metabolic

injury(Barkai-Golan and Phillips, 1991). Fruit tissue injury, lack ofresidual protection, and
heat resistant species are the main limitations to postharvest heat control of pathogens
(Barkai-Golan and Phillips, 1991).
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Heat and Postharvest Physiology

Ripening of most climacteric fruit results in softening of tissue, enhanced color

development, an increase in the soluble solids:acid ratio, an increase in respiration rate, and

an increase in ethylene production rate. Heat treatments increase some of these processes
while decreasing others (Klein and Lurie, 1992).

The most promising benefit of heat treatment offhiits is firmness retention (Klein et al.,

1990). No significant softening occurred when 'Spartan' or 'Golden Delicious' apples were
heated to 38 C for four to six days prior to storage at -1 C for four months (Porritt and

Lidster, 1978). However, when placed in 20 C following storage, the fruit began to soften
but at a slower rate than unheated fiiiit (Klein and Lurie, 1990). This suggested that cell wall
degrading en2ymes might have been affected reversibly (Lurie and Klein, 1990). Similar
results were presented for avocado (Eaks, 1978), pear (Maxie et al., 1974), and tomato
(Biggs et al., 1988).

In most cultivars of apple, ripening is accompanied by a degradation of chlorophyll,

resulting in a loss of green color. Heat increases the rate of chlorophyll degradation. A
possible explanation for increased degradation is that chlorophylase, an enzyme involved in
chlorophyll degradation, exhibits a temperature optimum above 40 C. Therefore, higher
temperatures result in increased activity ofthis enzyme(Lurie and Klein, 1990). In sensory
evaluations, color differences of heated and unheated 'Golden Delicious' fhiit are detectable

(Liu, 1978). This is thought to be a benefit of heat treatment because the fhiit possesses a
more mature appearance(more yellow) yet firmness is retained (Klein and Lurie, 1992).
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The soluble solids:acid ratio is an important indication ofthe sweetness or tartness of an
apple. This ratio increases as normal ripening progresses. Heat does not affect soluble solids
concentration in apple but does reduce significantly the amount of titratable acidity which

increases the soluble solids;acid ratio (Porritt and Lidster, 1978; Lurie and Klein, 1990). The
titratable acidity is lowered because the respiration rate during the heating period is elevated.
Organic acids are metabolized during respiration. Therefore, after the heat treatment, the acid
concentration is less than before the treatment. Heat treatment increased this ratio between

10% and 30% above that of unheated fhiit (Klein and Lurie, 1992). This can be either an
advantage or disadvantage ofthe treatment depending upon the cultivar used.
Respiration of'Anna' apples held at 38 C for four days was higher during the heating
period than control fruit held continuously at 20 C. However, after transfer of heated fiiiit
to 20 C the respiratory rate dropped and remained below that of the controls (Lurie and
Klein, 1990).

Ethylene production decreased in heat-treated avocado (Eaks, 1978), pear(Maxie et al.,

1974), tomato(Biggs et al., 1988), and apple fruit (Porritt and Lidster, 1978). Results were
consistent in that ethylene production was inhibited within a few hours of exposure to heat.
Upon placement ofthe fruit in air at 20 C, there was a lag in ethylene production compared
to control fruit. However, the production rate eventually recovered and even surpassed the

controls (Klein, 1989; Biggs et al., 1988).

The effect of heat on postharvest processes seems to depend on whether de novo
synthesis ofproteins is required. Heat treatment reduced total protein synthesis and reversibly
inhibited those processes that required synthesis (Lurie and Klein, 1990).
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Heat X Calcium Interaction

Heat and calcium treatments, separately, were beneficial in preservation of postharvest
quality and extension of shelf life of apples and other climacteric fhiit. Klein et al.(1990)
combined the treatments to determine if heating calcium-treated fi\iit could synergistically

prevent softening in storage without causing acid loss and skin yellowing (adverse affects of
heating). After a five minute dip in a 2% calcium chloride solution,'Granny Smith' and 'Anna'
apples were heated for four days at 38 C and stored at 0 C. Calcium did not maintain acidity
levels or inhibit skin yellowing due to the heat treatment. But there were no significant

differences between cortical calcium of the dipped and control fhiit. The combination of

calcium and heat did not affect firmness significantly over heating alone. In a subsequent
experiment,'Granny Smith' and 'Anna' apples that were heated prior to dipping in calcium

were firmer than those solely heated or dipped. Also, they yellowed less and exhibited a
reduction in scald development (Klein and Lurie, 1992).
Sams et al.(1993)studied the effect of heat(four days at 38 C)and calcium infiltration
(dip and pressure), alone and in combination, on firmness and decay resistance of'Golden

Delicious' apples. Greatest firmness was retained by pressure infiltration of calcium.
However,fixiit heated before pressure infiltration were firmer than those receiving only heat.

The heat/pressure infiltration combination reduced decay approximately 40% compared to
30% for fruit heated only. Fruit pressure infiltrated with calcium had the least amount of

decay(> 60% less than the controls). The authors suggested that combining heat and calcium
infiltration would be desirable so that calcium concentrations would not exceed the optimum
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range and risk fruit injury. In a similar experiment, fruit receiving heat treatments, either
alone or in combination with calcium pressure infiltration, maintained fruit firmness better
than those receiving only calcium pressure infiltration (Conway et al, 1994). However, a

calcium concentration of only 600 A<g • g dry wt"' was achieved by the pressure infiltration.
This was considered an insufficient amount to have the beneficial effect of maintaining fhiit
firmness and was the most probable explanation for the discrepancy in the results ofthe two
experiments.

ETHYLENE RESEARCH

General

Ethylene (C2H4) is the simplest of the olefin compounds and is considered a

phytohormone(Yang, 1985). It is the smallest of all plant groAvth substances and is involved
in germination, seedling growth, leaf and root growth, senescence, abscission, fiuit ripening,
flowering, sex expression, and stress response(Van Der Straeten and Van Montagu, 1991).
In 1901, Neljubov first isolated ethylene from illuminating gas and showed it to be the active

compound that caused shade tree defoliation (Raven et al., 1986). The simple structure of
ethylene(a two-carbon compound)proved to be a complicating factor in the discovery ofits
biosynthetic pathway in that many compounds could act as precursors to its formation(Yang,
1985). Adams and Yang (1979) determined the sequence for the pathway of ethylene
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biosynthesis in apple tissue to be as follows: methionine - S-adenosylmethionine(AdoMet)
- 1-aminocyclopropane-l-carboxylic acid (ACC)

ethylene. The respective catalyzing

enzymes are S-adenosylmethionine synthetase (AdoMet synthetase, EC 2.5.1.6), ACC
synthase(EC 4.4.1.14), and ethylene forming enzyme(EFE,also referred to as ACC oxidase)

(Kende, 1993). Many reviews have recently been written concerning the action and synthesis
ofethylene and may be consulted for further information(Kende, 1989; McKeon and Yang,
1990; Van Der Straeten and Van Montagu, 1991; Theologis, 1992; Kende, 1993 ).

Phy.siology of Heat Reduced Ethylene Production

As previously mentioned, heat reduced ethylene production rates ofseveral climacteric
fruits. Attempts to explain the precise mode of inhibition resulted in conflicting opinions.
Klein(1989) held 'Granny Smith' and 'Anna' apples at 38 C for four days prior to storage at
0 C. Fruit were removed from storage at one month ('Anna') or three and six months

('Granny Smith'), placed at 20 C, and assayed at regular intervals for ethylene production,
ACC synthase and EFE activity, and l-(malonylamino)cyclopropane-l-carboxylic acid

(MACC)content. Results showed that EFE activity of heated fmit was lower than that of
control fhiit during the heating period and incubation at 20 C. However, EFE activity

eventually recovered and surpassed levels of the control fmit. ACC synthase activity and
MACC concentration were similar to the control fruit both during heating and subsequent
incubation at 20 C. This led Klein to conclude that the decrease in ethylene production
associated with heat was due to an inhibition ofEFE activity.
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Results of Biggs et al. (1988) were contradictory to those of Klein. They subjected
Rutgers'tomato fruit to temperatures between 34 and 40 C and measured the activity of ACC

synthase and EFE. They reported an 80% to 90% loss of ACC synthase activity within four

hours ofbeginning the heat treatment. A loss ofEFE activity was reported but shown to be
a slow inhibition that increased as heat incubation time increased. Biggs et al. concluded that
ethylene inhibition was due mainly to a decline in ACC synthase activity and to a lesser extent
inhibition ofEFE activity.

Physiology of Calcium Reduced Ethvlene Production

Calcium treatments reduced the external ethylene production rate of avocado (Eaks,
1985), tomato (Wills et al., 1977), and apple(Sams and Conway, 1984)fhiits. An insufficient
amount ofresearch has been conducted on the physiological mode of action ofthis induced
ethylene reduction, and most ofthe published research has been conducted on tissue discs as

opposed to whole fhiit. Ferguson (1983)incubated one gram discs of'Cox's Orange Pippin'
and 'Granny Smith' apple fhiit in the presence and absence of exogenous calcium (10'^ M)

and/or ACC(10"* M). He found that calcium stimulated ethylene production in preclimacteric
tissue and maintained ethylene production in climacteric tissue (production in control tissue
declined). He also found that calcium increased ACC-stimulated ethylene. He proposed that

ifEFE is membrane-associated then calcium may have its effect on ethylene production by
maintaining membrane structure and function. Another possibility proposed was that calcium
may have increased the uptake ofethylene stimulants and the precursor ACC. Similar results
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were achieved by Lurie et al. (1989). They showed that increased calcium content ofapple
discs inhibited ethylene production for up to six hours post treatment. However, the calcium
treatment also partially prevented a decline in ethylene production exhibited by control fhiit

after 24 hours. This indicated that calcium conserved the ethylene forming ability ofthe tissue
possibly through maintenance ofcellular and membrane integrity. Another set of experiments
that utilized vacuum infiltrated plugs of'Granny Smith' apples with various concentrations of

calcium chloride solution showed higher calcium levels (100 mM) reduced ethylene

production by about 40%. However, lower calcium levels (1 mM)stimulated ethylene
production. It was also found that in fiiiit with higher calcium, ACC concentration increased,

and in the presence of exogenous ACC,the percentage ofinhibition of ethylene production
remained at approximately 40%. This suggested that calcium induced reduction of ethylene

production in apple discs systems was a result of an effect on EFE(Cheverry et al., 1988).
Whole'Caruso'tomato fioiit partial vacuum infiltrated with 0.75% or 1.5% calcium chloride

had reduced ethylene production rates during a six day incubation period at 20 C after
treatment. Increased ACC concentration, reduced EFE activity, and no change in ACC
synthase activity were found. This indicated an effect on the conversion of ACC to ethylene
(b^oroge and Kerbel, 1991). More research in this area is needed, especially on whole fhiit
systems. Previous results suggested that the effect of calcium on ethylene production was
concentration dependent. Also, when ethylene production was inhibited, it appearred that the
conversion of ACC to ethylene catalyzed by EFE was the step of biosynthesis affected.
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CHAPTER II

THE EFFECT OF PRESTORAGE HEAT

TREATMENT ON FRUIT QUALITY
AND ETHYLENE BIOSYNTHESIS

ABSTRACT

Apples(Malus domestica Borkh. cv. "Delicious') were treated with heat for three days
at 38 C prior to conventional cold storage at 0 ± 1 C. Fruit were removed from storage two
weeks and two months post treatment. Respiration rate, ethylene production, firmness, and
calcium content were measured. Soluble solids content was measured at two weeks.

Respiration rate, soluble solids, and calcium content were not different between heated and
control fiaiit at either removal time. Control apples were an average of 5.10 newtons(N)and

2.49 N firmer than heated fhiit at two weeks and two months, respectively. Ethylene
production was reduced significantly by the heat treatment at both removal times. To look
at the biochemical basis for this reduction, assays for 1-aminocyclopropane-l-carboxylic acid
(ACC)and l-(malonylamino)cyclopropane-l-carboxylic acid(MACC)were performed. No
statistical differences were found for either ACC or MACC at either of the removal times.
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The presented data does not statistically support an inhibition of ethylene forming enzyme
(EFE)activity.

INTRODUCTION

Concern about the safety of chemicals used to control postharvest diseases and

physiological disorders has caused scientists to shift research efforts toward the development
of nonchemical alternatives of maintaining fruit quality. One ofthese methods is the use of

prestorage heat treatment. Heat treatment maintained fruit firmness. Heating apples to 38
C for four to six days prior to storage at -1 C for four months resulted in no significant

softening (Porritt and Lidster, 1978). However, when heated fhiit were placed in 20 C
following storage, the fhiit began to soften but at a slower rate than unheated fhiit. This

suggested that cell wall degrading enzymes were inhibited reversibly (Klein and Lurie, 1990).
Experiments using other climacteric fhiit such as avocado (Eaks, 1978), pear(Maxie et al.,
1974), and tomato (Biggs et al., 1988)showed similar results.

Soluble solids content, an indirect measure offhiit maturity and quality, was unaffected
by heat treatment in apple (Porritt and Lidster, 1978; Spotts and Chen, 1987). Lurie and

Klein (1990)investigated the effects of heat on respiration rate. They heated 'Anna' apples
to 38 C for four days and found respiration higher during the heating period than the control
fruit held continuously at 20 C. However, after transfer of heated fhiit to 20 C, the
respiratory rate dropped and remained below that ofthe controls.

One of the more pronounced effects of heat on fruit quality is the effect on ethylene
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production. Ethylene production decreased in heat-treated avocado (Eaks, 1978), tomato
(Biggs et al., 1988), pear(Maxie et al., 1974), and apple (Porritt and Lidster, 1978). The
reduction in ethylene production began within a few hours of exposure to heat. Interestingly,
when the fruit were removed from the heat and placed at 20 C, there was a lag in ethylene
production compared to control fruit. But, the production rate ofthe heated fruit recovered

and eventually surpassed that ofthe control fruit(Biggs et al., 1988; Klein, 1989).
The mode of inhibition of heat induced reduction of ethylene production is uncertain.

Two conflicting opinions prevail. Klein(1989) held 'Granny Smith' and 'Anna' apples at 38
C for four days prior to storage at 0 C. After various lengths of storage, the fhiit were
removed and assayed for ethylene production, 1-aminocyclopropane-l-carboxylic acid
synthase (ACC synthase) and ethylene forming enzyme (EFE) activity, and 1(malonylamino)cyclopropane-l-carboxylic acid (MACC) content.

Klein found an

accumulation of ACC, no difference in MACC concentration, and an inhibition of EFE
activity in the heat-treated tissues. This led him to conclude that heat affected the conversion
of ACC to ethylene.

The results ofBiggs et al.(1988)did not agree with those ofKlein. Biggs et al. subjected
•Rutgers'tomato fruit to temperatures between 34 and 40 C and measured the activity of ACC
synthase and EFE. They found when the fiaiit were exposed to heat, ACC synthase activity
declined quickly while the activity ofEFE declined more slowly. In addition, they also found
that once the heat was removed the recovery of ACC synthase activity was faster than that

ofEFE. Therefore, they concluded that ethylene inhibition was due mainly to an inhibition
of ACC synthase activity and to a lesser extent inhibition ofEFE activity.
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The objective of this experiment was to investigate the effect of postharvest heat
treatment on general apple quality parameters and the enzymes ofthe ethylene biosynthetic
pathway.

MATERIALS AND METHODS

Apples (Malus domestica Borkh. cv. 'Delicious') were harvested from a commercial

orchard in Biglerville, PA and transported to The University of Tennessee, Knoxville. The
apples were placed in cold storage at 0± 1 C for two weeks. The apples were then removed

from storage and placed at 20 C for 24 h to allow the internal fhiit temperature to equilibrate
with the atmosphere temperature. The fhiit were then randomized, placed on traypacks, and
separated into treatments.

The heat-treated apples were placed in a Forma Scientific Model 3956 temperature
controlled incubator set at 38 C for three days. An open pan of distilled water was placed in

the incubator with the apples to maintain a high level of relative humidity. Upon completion
ofthe heat treatment, the apples were removed from the incubator, placed in boxes lined with
perforated plastic bags, and placed in cold storage at 0 ± 1 C until the appropriate analysis
time. Control fruit were placed directly into the lined boxes and held in cold storage after the
24 h warming period. They remained there until analysis.

At two weeks and two months post heat treatment, samples were removed from storage
and placed at 20 C for 24 h to allow the internal fruit temperature to equilibrate. At this time,
ethylene production, respiration, firmness, soluble solids concentration, calcium content, and
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ACC and MACC concentrations were measured.

For the ethylene production and respiration rates, whole fruit samples were weighed to
the nearest tenth of a gram on a Sartorius Type 1413 balance. The volume was calculated
by measuring water displacement (see Appendix A). The fruit were then towel-dried and

placed in sealed, plastic, four-liter cont^ers equipped with a sampling port. After one hour,
a ten-milliliter gas sample was extracted with a plastic syringe equipped with a one inch 26
gauge needle. Six milliliters of the sample was used for carbon dioxide analysis on a
Shimadzu GC-8A gas chromatograph equipped with a Porapak column and a thermal
conductivity detector. The respiration rate was calculated using the carbon dioxide data (see
./^pendbc A). The remaining four milliliters ofgas were analyzed for ethylene on a Shimadzu
GC-8A gas chromatograph equipped with an activated alumina column and flame ionization

detector. Using these data, the ethylene production rate was then calculated (see Appendix
A).

Firmness measurements were made on two opposite sides along the equatorial line of

each fiiiit. An approximate two-millimeter thick slice of peel and cortex was removed using
a fixed blade sheer. The firmness (in pounds of force) was quantified with an Effigi
penetrometer equipped with an 11 mm Magnus Taylor tip mounted on a stationary frame
(Blanpied et al., 1978). The two readings were averaged to yield a single firmness value for
each fhiit. The value was then converted to newtons(N)(see Appendix A).
Soluble solids content was measured with an Atago refractometer. Two thin slices of
cortex tissue were removed from opposite sides of each fi\jit near the equatorial line. Each

slice was squeezed in order to extract several drops of liquid. The liquid was extracted
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directly onto the prism of the reffactometer for measurement. The two readings were
averaged to yield a single value for each fruit.

For tissue calcium analysis and ACC and MACC concentrations, the peel was removed
and discarded from each fruit with a mechanical peeler. Then, an approximate two-millimeter

thick slice ofcortex tissue was removed from each fruit which was used for the analyses. For
calcium analysis, approximately 30 g oftissue were placed into a 60-ml whirl pack. The pack
was dipped in liquid nitrogen for approximately one minute and placed in a Virtis USM-15
freeze drier. The samples were freeze dried until a constant weight was achieved. The

samples were ground to a powder. Then, approximately 0.5 g ofthe powder was weighed
and placed in a test tube and ashed for 24 h at 500 C in a Thermolyne Type 30400 furnace.
The ashe was dissolved in eight milliliters of2N hydrochloric acid (HCl, Mallinckrodt AR
Select). Tissue calcium content was then determined using a Model 61 Thermo Jarrell Ash

Inductively Coupled Plasma Atomic Emission Spectrometer and reported on a dry weight
basis(see Appendix A).

ACC was assayed by a modification ofthe procedure used by Lizada and Yang (1979).
Twelve grams of cortex tissue were placed in a plastic, 50-ml centrifiige tube. Then, 24 ml
of5% sulfosalicylic acid (CtH^OsS•2H2O, Mallinckrodt AR)were added. The mixture was

homogenized directly in the centrifuge tube at setting five for 30 seconds with a Polytron
Model PT 10/35 unit equipped with a Model PTA 10 generator. The homogenate was
centrifliged in an lEC Model B-20 refiigerated centrifuge at 9,000x g for five minutes at 4 C.
The supernatant was filtered through No. 4 Whatman paper. The filtrate was considered the

crude extract. Then, 0.5 ml of the extract was placed in a 18x150 mm borosilicate glass
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culture tube. One micromole of mercury chloride (HgClz, Aldrich ACS)was added. The
liquid volume of the tube was brought to 900 /ul with the addition of 300 ^A of double

deionized water. A rubber septum was placed on the tube. A glass Hamilton syringe was
used to inject 100 iA of a 5% sodium hypochlorite (NaOCl, Sigma) in saturated sodium

hydroxide(NaOH, Mallinckrodt AR)solution (2:1, v/v) through the septum. Immediately
following the injection, the tube was placed on a Glas-Col vortexer for five seconds at setting
position eight. After five minutes, a five-milliliter gas sample was extracted with a plastic
syringe with a 23 gauge needle. The sample was then injected into a Shimadzu GC-8A gas
chromatograph equipped with an activated alumina column and flame ionization detector to

quantify ethylene. The ethylene value was used to calculate the amount of ACC in the sample
(see i^pendix A). All solutions used were precooled and, where applicable, all procedures
were conducted on ice.

To test the eflSciency ofthe ACC assay, 500 nM spikes of ACC(C4H7NO2, Sigma) were

used as internal standards. The procedure was the same as for the ACC assay described
above with the following exceptions: 1)an additional 0.5 ml aliquot offiltrate was placed in
a separate labeled tube and 500 nM of ACC was added to the extract. 2)the other difference
in the procedure was that the volume ofthe tube was brought to 900 lA with the addition of
200 ^A of deionized water instead of300 //I. The native ACC levels were subtracted from

these values to obtain the conversion efficiency.

At the time ofsampling, approximately 20 g oftissue was placed in a labeled 60-ml whirl
pack. The whirl pack was then submerged in liquid nitrogen for one minute and subsequently
placed in an American Scientific Products ultra low freezer at -80 C. The samples remained
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in the freezer for approximately five months until they were assayed for MACC concentration.
To prepare the samples for assaying, they were removed from the freezer and placed at room

temperature until thawed. The assay used for MACC quantification was adapted from
Hoffman et al. (1982). The same extraction procedure used for ACC was utilized. One

milliliter of extract was placed in a 25x95 mm borosilicate glass tube. Added to the extract
was one millihter of6N HCl(Mallinckrodt AR Select). The mixture was heated at 100 C for

one hour on a Lab-Line Instruments No. 2093 Multi-Blok heater. Following heating, the pH
of the solution was raised to 7.0 ± 0.5 with IN NaOH. Then, 0.5 ml of the neutralized

solution was used to run through the ACC assay. The ACC value was then used to calculate
the amount of MACC in the sample (see Appendix A).

The statistical design was a randomized complete block design consisting of two
treatments with three replications and five fruit per replication. The t-test procedure ofSAS
statistical software(SAS Institute, 1990) was used to analyze the data. Treatment differences
were reported as significant at P50.05.

RESULTS AND DISCUSSION

The "Delicious' apples used in this experiment were ofsound quality and had just begun
the climacteric rise. The apples were optimum for intermediate length storage which was
simulated in this experiment. These conclusions were drawn from the respiration rate, soluble
solids content, firmness, and ethylene production data ofthe control fhiit.

The heat treatment did not have a significant effect upon respiration rate (Fig. II-l).
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These results are contradictory to those previously published. Lurie and Klein (1990)
reported an increase in respiration rate during the heating period, but after treatment, it was
lower than that ofcontrols even after sbc months ofstorage. Similar results have been shown

also with avocado (Eaks, 1978) and pear(Maxie et al., 1974).
Three possible explanations exist for why heat did not affect respiration rate. First, the
sample size or number of repetitions may have been too small to detect this level of
difference. Heat treated fiiiit had respiration rates at 87% and 94% ofthe controls at two

weeks and two months post treatment, respectively. Lurie and Klein reported respiration
values ofheat treated fiuit at approximately 80% ofthe controls for the duration of shelf life.

The values in this experiment and those in Lurie and Klein's experiment were similar.

Therefore, these differences might have been detected if a larger sample was used. Second,
different cultivars ofapple were used. This experiment used "Delicious' apples, whereas, Klein
and Lurie used 'Anna.' It is possible that the heat treatment may not have an effect on

respiration rate in 'Delicious' apples. Also, the heat treatment may not have been optimized
for 'Delicious' apples. Third, the sampling times may not have been appropriate. It is
conceivable that at two weeks post treatment, the respiration rate may have begun to decrease
from initial levels but had only reached the control level. Likewise at two months, the
respiration rate may have begun to increase after being lower than the controls and had
attained control levels at the time ofsampling.

Percentage of soluble solids can be considered a crude indicator of carbohydrate
metabolism. Previous studies showed heat treatment to have no effect upon soluble solids

content(Liu, 1978; Porritt and Lidster, 1978; Klein and Lurie, 1992). Percentage of soluble
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solids was unaffected by the heat treatment in this experiment (Fig. II-2).
Heating the fmit to 38 C for three days caused a decrease in fruit firmness (Fig. II-3).
At two weeks post treatment, control fioiit were an average of5.10 N firmer than heated fhiit.

Similarly at two months, the controls were 2.49 N firmer. It is generally accepted that
exposing apples to elevated prestorage temperatures results in firmer fruit even after an

extended storage period (six months) when compared to unheated fhiit (Klein and Lurie,
1992). An explanation for the opposite occurrence in this experiment is difficult. There was

little fruit to fruit variation in this part of the experiment as evidenced by low standard

deviations(2% or less of the mean). Therefore, the sample size appears to be sufficiently
large enough for reliable firmness determination. Flesh calcium content has been shown to

affect fhiit firmness, but there were no calcium differences in these fhiit (Fig. II-4). One

possible explanation is that some ofthe cell wall degrading enzymes were stimulated by the
heat treatment. The temperature may have been low enough to stimulate cell wall degrading
enzymes instead ofinhibiting them. Also, the heat treatment may have stressed the fruit and

caused the synthesis or increased activity ofthese enzymes. This hypothesis cannot be proved
or disproved by the data taken but warrants consideration.

Heat induced reduction ofethylene production has been documented in apple(Liu, 1978;
Porritt and Lidster, 1978; Klein, 1989; Klein and Lurie, 1992), tomato (Biggs et al., 1988),
pear (Maxie et al., 1974), and avocado (Eaks, 1978). The results of this experiment also
show heat induced ethylene reduction. Ethylene production of heat treated fruit was lower

than control finiit at both removal times (Fig. II-5). If the experiment had been allowed to

proceed for a longer period of time, the production rate of the heat-treated fhait may
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eventually have equalled and even surpassed that ofthe controls as reported by others(Biggs
et al., 1988; Klein, 1989). The ethylene biosynthetic pathway has been shown as follows:

methionine - S-adenosylmethionine(AdoMet)- ACC - ethylene(Adams and Yang, 1979).
The respective catalyzing enzymes were found to be S-adenosylmethionine synthetase

(AdoMet synthetase), ACC synthase, and EFE (Kende, 1993). Hoffman et al. (1982)
identified MACC as a major conjugate of ACC. This conjugation was catalyzed by ACC Nmalonyltransferase. In an attempt to ascertain if the ethylene reduction was due in part to an

inhibition of any of the key enzymes in the ethylene biosynthetic pathway, the ACC and
MACC concentrations were quantified. At both two weeks and two months, ACC
concentration was not found to be different between the treatments (Fig. II-6). This would

indicate that AdoMet synthetase, ACC synthase, and EFE activities were not being inhibited
by the heat treatment.

To test the conversion efl5ciency ofthe assay used for ACC concentration, 500 nM ACC

spikes were used as internal standards. The treatments did not have an effect upon the
conversion efficiency of the assay (Fig. II-7). At two weeks, the average conversion over
both treatments was 489.30 nM, giving a 97.86% conversion efficiency. However, at two
months the conversion efficiency was 178.86%. This high conversion number is most likely
due to the added ACC stimulating synthesis of native ACC. The procedure used would not
account for such an occurrence. Therefore, none ofthe ACC values were adjusted.
Conjugation of ACC does not appear to be involved in the ethylene reduction of heattreated apples. No diflFerences in MACC concentration were reported between treatments at
either removal time (Fig. II-8). This suggests that ACC N-malonyltransferase is unaffected
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by heat. Similar results have previously been reported (Klein, 1989).
With no differences being reported in ACC and MACC concentrations between
treatments, no positive conclusions about the biochemical basis of ethylene reduction due to

heat can be made. Two possible explanations exist. First, EFE activity may actually be
inhibited but was not observed because of the large amount of fhiit to fhiit variation. An
experiment with a larger sample size or a more direct measure of EFE activity could help
decide this matter. Second, there possibly could exist another metabolic fate of ACC other
than ethylene or MACC,which presently is not known.

CONCLUSION

This experiment investigated the effect of a prestorage heat treatment(38 C,three days)
on apple finit quality and enzymes ofthe ethylene biosynthetic pathway. The heat treatment
had no effect upon respiration rate or soluble solids content at either two weeks or two
months after treatment. Fruit firmness was afiected by heat. Heated fhait were less firm than
the controls at both removals. This suggested that cell wall degrading enzymes were
stimulated by the treatment, but the appropriate data were not obtained to prove this

statement conclusively.

Ethylene production was reduced in fhiit receiving the heat treatment. Attempts to
elucidate the mode of action ofthis reduction were unsuccessful. 1-aminocyclopropane-l-

carboxylic acid(ACC)concentration was quantified and found not to be different between
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the heated and control fiiiit. This suggests that neither ethylene forming enzyme (EFE), ACC
synthase, nor S-adenosylmethionine synthetase(AdoMet synthetase) activity was inhibited
due to the high temperature treatment. Likewise, activity of ACC N-malonyltransferase, as
measured by l-(malonylamino)cyclopropane-l-carboxyIic acid(MACC)concentration, also
was not inhibited. Similar to heat treatment, high levels of calcium in the flesh have been
shown to have an inhibitory effect on ethylene production. However, these fhiit were not
different in their calcium content and, therefore, calcium was not responsible for the reduced
ethylene production.
Although the ACC concentration was not statistically different between treatments, there
was a trend toward accumulation of ACC in the heated tissues. In addition, the ACC data

contained large amounts of fhiit to fhiit variation. These two facts make the ACC data
questionable. It is possible that the trend of accumulation of ACC in heated fhiit could be

correct, there by, suggesting an inhibitory effect of heat on EFE activity. The sample size of
the experiment may not have been large enough to allow the statistical test to detect this
difference. Therefore, it is suggested that this experiment be repeated with a larger number
of replications and/or more fhiit per replication and a more direct procedure for measuring
EFE activity.
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CHAPTER III

POSTHARVEST CALCIUM AND HEAT

TREATMENT EFFECTS ON FRUIT QUALITY
AND ETHYLENE PRODUCTION

ABSTRACT

Apples(Malus domestica Borkh. cv.'Braebum') were treated with heat(38 C for three
days) or calcium(2% calcium chloride for five minutes at 103 kPa) or a combination ofthe
two. Treatments were heat only, calcium infiltrated only, heat then calcium infiltrated,
calcium infiltrated then heat, and control. After treatment, the apples were placed at 20 C for

2, 7, 14, and 30 days (part I) or 0 C for two months (part II). At each sampling time,

ethylene production and respiration rate, firmness, 1-aminocyclopropane-l-carboxylic acid
(ACC)and l-(malonylamino)cyclopropane-l-carboxylic acid(MACC)concentrations, and

ethylene forming enzyme(EFE)activity (part II only) were measured. The heat followed by
calcium infiltration was the only treatment that affected fhiit softening. All treatments

lowered the fiuit respiration rate at the seven day sampling time in part I. In part II, only the
calcium treatment significantly lowered the respiration rate. Ethylene production was
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inhibited by all treatments at each sampling time in both part I and part II. MACC
concentration was unaffected by all treatments. At the two day sampling time in part I, the

heat and heat plus calcium treated fruit had a significantly lower concentration of ACC
compared to the control. At seven days, the calcium only treated fhiit had a mean ACC

concentration of 2.052 nmol•(g fresh wt)"' greater than the control fhiit. The only treated
fruit difierent from the control in part n was the calcium plus heat treated fhiit, which showed

an accumulation of ACC. EFE activity was measured directly in part II ofthe experiment.

The heat, heat plus calcium, and calcium plus heat treated fhiit all showed an inhibition of
EFE activity while the calcium only treated fruit were not different from the control.

INTRODUCTION

The number and use of insecticides and fungicides for maintaining postharvest fhiit

quality is declining due to increased public concern and pressure from the environmental
protection agency. For this reason, alternative methods that use fewer pesticides for

preserving quality are desired. One alternative method is postharvest calcium infiltration.
Pressure infiltrating 'Golden Delicious' and 'Lord Lamboume' apples with a 3% calcium
chloride solution resulted in a reduced rate of fhiit softening (Drake and Fridlund, 1986).

This effect has also been shown by others (Conway and Sams, 1983; Sams and Conway,

1984). Another important effect of postharvest calcium infiltration is that it reduces the
ethylene production rate. Sams and Conway(1984)infiltrated 'Golden Delicious' apples after
harvest with calcium chloride solutions of up to 12%. They found that during a seven-day
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incubation period at 20 C immediately after treatment, the infiltrated fhiit had lower ethylene
production rates than untreated fiuit. The same trend was seen during a seven-day incubation
period at 20 C after five months ofstorage at 0 C, except that by day seven the treated fiuit
showed no difference from the untreated fruit in ethylene production. Insufficient research
has been performed to ascertain the biochemical basis for the calcium induced reduction of
ethylene in whole fruit systems. No data is available on whole apple fhiit. Njoroge and
Kerbel(1991)infiltrated 'Caruso'tomato fioiit "with 0.75 or 1.5% calcium chloride and showed

a reduction in ethylene during a six-day incubation period at 20 C after treatment. They
found increased 1-aminocyclopropane-l-carboxylic acid (ACC) concentration, reduced

ethylene forming enzyme(EFE)activity, and no change in ACC synthase activity.
Prestorage heat treatment is a nonchemical alternative of preserving fhiit quality. Porritt

and Lidster(1978)heated 'Golden Delicious' and 'Spartan' apples to 38 C for four to six days
prior to storage at -1 C for four months. No significant fioiit softening occurred during
storage. However, when heated fiuit were placed at 20 C after storage, the fhiit softened but
at a slower rate than unheated fiaiit(Klein and Lurie, 1990). 'Anna' apples heated to 38 C for
four days had higher respiration rates during the heating period than control fhiit held at 20
C. However, after transfer ofheated fiiiit to 20 C,the respiration rate dropped and remained
below that ofthe controls (Lurie and Klein, 1990). Ethylene production has been shown to
be reduced in heat treated avocado (Eaks, 1978), tomato (Biggs et al., 1988), pear(Maxie

et al., 1974), and apple (Porritt and Lidster, 1978). When the fhiit were removed from the
heat and placed at 20 C, there was a lag in ethylene production compared to control fhiit.
But,the ethylene production rate ofthe heated fhiit then recovered and eventually surpassed
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that ofthe control Suit(Biggs et al., 1988; Klein, 1989). Two conflicting opinions as to the
mode of heat induced inhibition of ethylene production have been proposed. Klein (1989)
heated 'Granny Smith' and 'Anna' apples to 38 C for four days prior to storage at 0 C. At
various time lengths, he measured ethylene production and assayed ACC synthase and EFE
activities and l-(malonylamino)cyclopropane-l-caroboxylic acid(MACC)concentration. He
concluded that heat inhibited EFE activity. Biggs et al.(1988) held 'Rutgers' tomato fhiit to
temperatures between 34 and 40 C and measured the activities of ACC synthase and EFE.

They concluded that ethylene inhibition was due mainly to a decline in ACC synthase activity
and, to a lesser extent, inhibition ofEFE activity.
While the effect of heat and calcium individually on fhiit quality is well researched, the

combination ofthe two hasjust recently been investigated. Klein et al. (1990) heated 'Granny

Smith' and 'Anna' apples for four days at 38 C following a five minute dip in 2% calcium
chloride. They found that the combination treatment did not affect fimmess more than a heat
only treatment. This was probably due to no difference being reported in calcium content
between the heat/calcium combination treatment and the control. In a subsequent experiment,
'Anna' apples were dipped in a calcium chloride solution(3%,five minutes), heat treated (38

C for four days), or dipped before the heat treatment. The fixiit treated with both calcium and
heat were significantly firmer than those only heated (Lurie and Klein, 1992). Sams et al.

(1993) studied the effect of heat (four days at 38 C) and calcium infiltration (dip and
pressure), independently and in combination, on softening of'Golden Delicious' apples. They
found fruit softening was inhibited most by pressure infiltration of calcium. However, fhiit

heated before pressure infiltration were firmer than those receiving only heat. In a similar
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experiment, Conway et al. (1994)found fimmess was retained best by calcium infiltration
preceding heat treatment. But only a low amount ofcalcium was infiltrated into the fruit. If
higher flesh calcium concentrations were achieved, the results in this experiment may have
more closely resembled those found by Sams et al. (1993).
There were three objectives of this research; 1) to clarify the effect of heat on the
enzymes of ethylene biosynthesis, 2) to investigate the effect of calcium infiltration on the
enzymes of the ethylene biosynthetic pathway, and 3) to study the effect of the heat and
calcium combination treatment on apple fhiit quality and ethylene production.

MATERIALS AND METHODS

On June 4, 1993, apples(Malus domestica Borkh. cv.'Braebum') were obtained from
a local wholesaler in Knoxville, Tennessee. The apples were grown in Chile, South America

and harvested on April 26, 1993. On May 16, 1993, the apples were shipped under standard
cold storage conditions on the Argentinean Reefer cargo ship to New York. The apples
arrived in New York on June 1, 1993, and were then placed in a refrigerated truck and
transported to the wholesaler in Knoxville.

The apples were sorted (removing fmit with cuts, bruises, cracks, and other

imperfections), randomized, placed on traypacks, and separated into five treatments (control,
heated, calcium infiltrated, heated then calcium infiltrated, calcium infiltrated then heated).
The fi^it were left at 20 C for 24 h to allow the internal fruit temperature to equilibrate with
the atmosphere.
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This experiment consisted oftwo parts. Part one consisted of placing the fruit at 20 C
immediately after treatment for 2, 7, 14, and 30 days. Part two involved placing the fruit in
cold storage at 0 ± 1 C after treatment for two months.

After the 24 h warming period, control fruit were placed directly into either 20 C (part
I) or cold storage (part II). The calcium infiltrated (referred hereafter as "calcium") and
calcium infiltrated then heated (referred hereafter as "calcium then heat")fmit were placed
in a 12-liter metal chamber containing eight liters of2% calcium chloride (CaClj) prepared
from calcium chloride dihydrate(CaClj• 2H2O). A glass desiccator top was placed on top
ofthe fruit to insure they remained submerged during the pressurization. The chamber was
then sealed and pressurized with nitrogen for five minutes at 103 kPa(15 psi). Due to the
size ofthe chamber, only 20 fiiiit were treated at once. Therefore, ten fhiit from the calcium
treatment and ten fhiit from the calcium then heat treatment were treated simultaneously.
This was replicated two additional times, with a fresh calcium solution each time. Treated
apples were removed from the solution and rinsed with tap water in order to remove surface

calcium residue. The fruit were then dried with a paper towel and placed back onto their
respective labeled traypacks. The fixiit treated with calcium only were then placed into either
20 C (part I) or cold storage (part II).
For the heat treatment, the heat only (referred hereafter as "heat"), heated then calcium

infiltrated (referred hereafter as "heat then calcium"), and calcium then heat fhiit were placed
in a Forma Scientific Model 3956 temperature controlled incubator set at 38 C for three days.

An open pan ofdistilled water was placed in the incubator with the apples to maintain a high
level ofrelative humidity. Upon completion ofthe heat treatment, the heat and calcium then
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heat apples were removed from the incubator and placed into either 20 C (part I) or cold
storage(part H). The heat then calcium fruit were removed from the incubator and calcium

infiltrated as described above but with the following exception. Since this was the only
treatment to be infiltrated, ten fhiit (instead of20)were infiltrated at a time. The remainder
ofthe procedure was the same. After calcium infiltration, the heat then calcium fhait were

placed into either 20 C (part I) or cold storage (part 11).

For part I ofthe experiment, fi^iit were analyzed for ethylene production, respiration rate,

firmness, calcium content and assayed for ACC and MACC concentrations at 2, 7, 14, and
30 days after the calcium then heat and heat then calcium treatments. For part 11 of the
experiment, fixiit were removed from storage after two months and placed at 20 C for 24 h

to allow the internal temperature to equilibrate. The same procedures were then performed
as in part I except that an assay for EFE activity was also included.

For the ethylene production and respiration rates, the samples were weighed to the
nearest tenth ofa gram on a Sartorius Type 1413 balance. The volume ofthe fiijit was then

calculated by measuring water displacement (see Appendix A). The fioiit were then towel
dried and placed in sealed, plastic, four-liter containers equipped with a sampling port. After
one hour, a ten-milliliter gas sample was extracted with a plastic syringe equipped with a one
inch 26 gauge needle. Six milliliters ofthe sample were used for carbon dioxide analysis on
a Shimadzu GC-8A gas chromatograph equipped with a Porapak column and a thermal

conductivity detector. These data were then used to calculate the respiration rate (see
Appendbc A). The remaining four milliliters ofgas were analyzed for ethylene on a Shimadzu
GC-8A gas chromatograph equipped with an activated alumina column and flame ionization
63

detector. This information was then used to calculate the ethylene production rate (see
Appendix A).

Firmness measurements were made on two opposite sides along the equatorial line of

each fiuit. An approximate two-millimeter thick slice of peel and cortex was removed using
a fixed blade sheer. The firmness, in pounds of force, was quantified with an Effigi
penetrometer equipped with an 11 mm Magnus Taylor tip mounted on a stationary frame
(Blanpied et al., 1978). Two readings were averaged and converted to newtons (see
Appendix A)to yield a single firmness value for each fruit.

For tissue calcium analysis, ACC and MACC concentrations, and EFE activity assay (part
n),the peel was removed and discarded fi'om each fhiit with a mechanical peeler. Then, an
approximate two millimeter thick slice of cortex tissue was removed from each fhiit which

was used for the analyses. For the calcium analysis, approximately 30 g oftissue was placed
in a 60-ml whirl pack. The pack was submerged in liquid nitrogen for approximately one
minute and then placed in a Virtis USM-15 freeze drier. The samples were dried until a
constant weight was achieved. The samples were then ground to a powder. Then,
approximately 0.5 g ofthe powder was placed in a test tube and ashed for 24 h at 500 C in

a Thermolyne Type 30400 furnace. The ash was dissolved in eight milliliters of 2N
hydrochloric acid (HCl, Mallinckrodt AR Select). Tissue calcium content was then

determined using a Model 61 Thermo Jarrell Ash Inductively Coupled Plasma Atomic

Emission Spectrometer and reported on a dry weight basis(see Appendix A).
ACC was assayed by a modification ofthe procedure used by Lizada and Yang(1979).
Twelve grams ofcortex tissue was placed in a plastic, 50-ml centrifuge tube. Then, 24 ml of
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5% sulfosalicylic acid (C7H60gS • 2H2O, Mallinckrodt AR) was added. The mixture was

homogenized directly in the centrifuge tube with a Polytron Mode!PT 10/35 unit equipped
with a PTA10 generator at setting five for 30 seconds. The homogenate was centrifuged in
an lEC Model B-20 refrigerated centrifuge at 9,000x g for five minutes at 4 C. The
supernatant was filtered through No.4 Whatman paper. The filtrate was considered the crude

extract. Then, 0.5 ml ofthe extract was placed in a 18x150 mm borosilicate glass culture

tube. One micromole of mercury chloride (HgClz, Aldrich ACS) was added. The liquid
volume ofthe tube was brought to 900 fu\ with the addition of300 //I of double deionized

water. A rubber septum was then placed on the tube. With a glass Hamilton syringe, 100 fA

of 5% sodium hypochlorite (NaOCl, Sigma) and saturated sodium hydroxide (NaOH,
Mallinckrodt AR)(2:1, v/v) was injected through the septum. Immediately following the
injection, the tube was placed on a Glas-Col vortexer for five seconds at setting position
eight. After five minutes, a five-milliliter gas sample was extracted with a plastic syringe with
a 23 gauge needle and ran on a Shimadzu GC-8A gas chromatograph (activated alumina
column and flame ionization detector)to quantify ethylene. The ethylene value was then used
to calculate the amount of ACC in the sample (see Appendix A). All solutions used were
precooled and, where applicable, all procedures were conducted on ice.

To test the efficiency ofthe ACC assay, 1000 nM spikes ofACC(C4H7NO2, Sigma) were
used as internal standards. The procedure was the same as for the ACC assay described

above but with the following exceptions: 1)an additional 0.5 ml aliquot ofextract was placed
in a separate labeled tube and 1000 nM of ACC was added, 2)The volume ofthe tube was
brought to 900 lA with addition of200 ^A of double deionized water instead of300 jA. The
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native ACC levels were subtracted from these values to determine the amount ofexogenous
ACC converted.

At the time ofsampling, approximately 20 g oftissue were placed in a labeled 60-ml whirl

pack. The whirl pack was then submerged in liquid nitrogen for one minute and subsequently
placed in an American Scientific Products ultra low freezer at -80 C. The samples remained
in the freezer for approximately two months until they were assayed for MACC
concentration. To prepare the samples for assaying, they were removed from the freezer and

placed at room temperature until thawed. The assay used for MACC quantification was
adapted from Hoffman et al. (1982). The same extraction procedure used for ACC was

utilized. One milliliter ofextract was placed in a 25x95 mm borosilicate glass tube. Added
to the extract, was one milliliter of6N HCl (Mallinckrodt, AR Select). The mixture was
heated at 100 C for one hour on a Lab-Line Instruments No. 2093 Multi-Blok heater.

Following heating, the pH ofthe solution was raised to 7.0 ±0.5 with IN NaOH. Then, 0.5
ml ofthe neutralized solution was used to run through the ACC assay. The ACC value was

then used to calculate the amount ofMACC in the sample (see Appendix A).

The assay for EFE activity was adapted from Femandez-Maculet and Yang(1992)and

performed on the fruit in part II of the experiment only. Using a cork borer, two plugs
measuring 1 cm long by 1 cm wide were removed from each fhiit. The discs were then

weighed on a Sartorius Type 1413 balance and the weight recorded to the nearest hundredth

ofa gram. Then the discs were placed in a 25-ml Erlenmeyer flask containing 0.4 M mannitol
(Nutritional Biochemicals Corporation) and 1 mM ACC. The flasks were placed on a LabLine 3530 orbit shaker for one hour. Rubber septa were then placed on the flasks and
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allowed to shake for another hour. Five milliliters of gas were then extracted from the

headspace with a plastic syringe equipped vAth a 23 gauge needle and injected into a
Shimadzu GC-8A gas chromatograph (activated alumina column and flame ionization
detector)for ethylene quantification.

The statistical design for part I of the experiment was a factorial arrangement in a
randomized complete block design consisting offour removal times with five treatments and
three replications with ten finit per replication. If the removal x treatment interaction was

significant, the data were analyzed using planned treatment comparisons. Otherwise, the data

within a given removal time were analyzed using the general linear models(GLM)procedure
and Duncan's Multiple Range test ofSAS statistical software(SAS, 1990) and the data within
a given treatment were analyzed across time utilizing linear and quadratic contrasts.

Differences were reported as significant at P^0.05. The statistical design for part II was a
randomized complete block design consisting offive treatments, three replications, and two

subsamples per replication with five fmit each. The data were analyzed using the general
linear models (GLM) procedure and Duncan's Multiple Range test. Differences were
reported as significant at PiO.05.

RESULTS AND DISCUSSION

In apples, heat treatment has been shown to significantly maintain fiaiit firmness compared
to nonheated fmit(Liu, 1978; Porritt and Lidster, 1978; Klein and Lurie, 1992; Sams et al.,
1993). In this experiment, neither heat nor the calcium treatment had an effect on fmit
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firmness in part I (Table III-l) or part II (Fig. HI-I) of the experiment. Four possible
explanations exist for this discrepancy. One, this experiment used 'Braebum' apple fruit. No
published data are available for heat treatment on this cultivar ofapple. It is possible that the

heating period (three days) was not long enough to achieve maintenance offirmness. Two,
as evidenced by respiration and ethylene production rates, these fhiit were far advanced in the

climacteric rise and were past the optimum time for treatment. Three, the number offhiit per
replication or the number of replications may not have been large enough to detect the

differences. Four, these fruit were held in cold storage during their shipment from Chile to
New York. The effect of cold storage prior to heat treatment has not been investigated

previously. While this explanation is the weakest ofthe four, it cannot be neglected. The
metabolic mode of action of heat induced firmness retention has not been studied. Heating
processed foods has increased firmness by repartitioning calcium to the cell wall as calcium

pectate. This is achieved by stimulating pectin methyl esterase activity(PME)(Doesburg,
1965). But Klein et al.(1990) reported a significant amount offirmness retention in heat-

treated fhiit and no significant PME activity. It has been suggested that the processes that
require protein synthesis are inhibited by heat treatment (Lurie and Klein, 1990). Fruit
softening has required protein synthesis(Brady, 1987). It is conceivable that synthesis ofcell
wall degrading enzymes were inhibited. Another possibility could have been the synthesis of
competitive inhibitors offiiiit softening during the heat treatment. Using fluorographs, Lurie
and Klein(1990)showed that total protein synthesis was lower, and different proteins were

synthesized during a four day heating period at 38 C than during incubation at 20 C. They
also reported that some protein bands present at 20 C were absent in the tissue incubated at
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Table ni-l. Heat and calcium effects on firmness of 'Braebum' apple fruit held
continuously at 20 C for various lengths oftime.

Fruit Firmness (N)^
Sampling Time(Days)
Treatment

2

7

Control

57.78 a

57.68 a

Heat

60.02 a

Calcium

14

Contrasts^
30

L

Q

53.22 a

44.78 a

**

**

59.40 a

55.04 a

46.19 a

**

**

59.74 a

59.65 a

55.01 a

48.17 a

l|ci|c

NS

Heat then Calcium

55.93 a

59.77 a

60.08 b

49.45 a

NS

**

Calcium then Heat

63.97 a

60.82 a

NE

NE

N/A

N/A

Mean separation within columns by Duncan's Multiple Range Test,P^O.05.
y

Data were analyzed within rows utilizing linear(L)and quadratic(Q)contrasts. NS,NE,♦

and ** are nonsignificant, not estimable, and significant at P:s0.05 and 0.01 respectively.
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70
61.47 a

60

54 79 a

1

53.28 a

55.20 a

50

S 40

I 30
M

20
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0
Treatment

Control
ii Heat
Heat then Calcium D Calcium then Heat

Calcium

Fig.in-1. Firmness values ofcalcium- and heat-treated 'Braebum'apple fruit, stored at0 C,
at two months post treatment. Mean separation by Duncan's Multiple Range test, P^0.05.
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38 C. In this experiment, the duration of heating or the temperature employed may not have
been suflBcient to affect protein synthesis and, therefore, no differences in firmness occurred.

Similar to heat treatment, postharvest applications of calcium have reduced fruit softening
(Mason et al., 1975; Conway and Sams, 1983; Sams and Conway, 1984). The most likely
explanation for not observing a difference in fhiit firmness was the small increase in flesh

calcium content of the infiltrated fiuit. It has been hypothesized that calcium plays an
important role in maintaining fiuit firmness by binding with galacturonic acid residues in the

middle lamella. This provides a physical hindrance to the cell wall degrading enzymes(Knee,
1978). The calcium-treated fiuit had a flesh calcium content of640.97 /ug •(g dry wt)"^ (Fig.
in-2). While this is a significant increase over the control fhiit, it is not sufficient to obtain

maximum benefits. It has been suggested that a calcium level of 1000 ± 200 //g •(g dry wt)**

is optimum to maintain fhiit firmness(Conway et al., 1994). There are several reasons why
the optimum amount of calcium was not achieved in these fhiit. One is that no results have

been published on "Braebum' apples. It is possible that the infiltration parameters employed
(2% CaClj solution, 103 kPa pressure, and five minute infiltration time) were not optimum
for this cultivar. Another plausible explanation pertains to the entry of exogenous calcium

into the fhiit. Previous work has shown that calcium most likely enters the fhiit through
lenticels and other openings on the fioiit surface(Betts and Bramlage, 1977). It has also been

shown that the amount offiiiit cracking can vary from year to year and play a significant role
in calcium infiltration(Glenn et al., 1985). Therefore, ifthe infiltration parameters used in this
experiment were optimum for Braebum'fhiit on an average year, it was possible that these
fruit had less surface cracking and imperfections this particular year, which resulted in less
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calcium uptake.

In part I, as expected, all treatments had lower firmness values at 30 days than at two

days. The heat then calcium fruit did not differ from the controls in firmness at 2, 7, or 30

days but at 14 days the heat then calcium fixiit were firmer. This would suggest that the
combination of heat and calcium had a greater effect than either heat or calcium alone. It is

conceivable that the heat may have produced selective inhibitors of cell wall degrading
enzymes and the calcium prevented enzymatic degradation of the cell wall. Further

experiments should be performed to test this hypothesis. Ifthe hypothesis that the calcium

and heat treatments individually were not optimum to prevent softening, it would appear that

the combination ofthe two was sufficient to cause a difference, indicating an additive effect.

Since there is a statistical difference at 14 days and not at 30 days, it would appear that the
effect is time sensitive. Ifthe heat and calcium treatments were optimized, it is likely that the
effect would occur immediately and last for a longer time as previous studies have shown

(Klein et al., 1990; Sams et al., 1993; Conway et al., 1994). Another explanation is that the

sample size may have been too small to detect the differences. Generally, 20 fhiit per
replication are considered optimum for accurate firmness determination (Blanpied et al.,
1978).

The heat then calcium fhiit in part 11 (Fig. 111-1) of the experiment did not show a

firmness difference. It is possible that the experiment was not carried out long enough for the
difference to become apparent. In a similar experiment using 'Granny Smith' apples, a
firmness difference was not noted until after four months of storage at 0 C (Klein et al.,
1990).
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The calcium then heat fruit were not different from the control fruit in firmness in either

part I or part II. This treatment caused significant fruit injury. Symptoms were large, dark

brown, soft areas covering portions of the fruit surface. Similar injury symptoms were
reported by Conway et al. (1994) when calcium infiltration preceded heating. The lesion

penetrated the cortex and was visible to nearly 2/3 the depth ofthe fhiit. Approximately 50%

of the fhiit in both parts ofthe experiment were affected and were discarded because they
were unusable. Consequently, in part I ofthe experiment, 60 fruit were selected and equally

distributed between the 2 and 7 day sampling times(3 replications, 10 fhiit per replication).
Data were not collected fbr 14 and 30 days because no fiiiit were available. The fhiit selected

for the 2 and 7 day sampling times were either clear ofsymptoms or had a minimum amount

ofarea affected. The same was done for part n ofthe experiment except each replication had
two subsamples containing two fhiit each. These alterations made to this treatment in part
I and II ofthe experiment are the same for all other measurements taken.

The reason no difference in firmness was seen in the calcium then heat fhiit is most likely
related to the amount ofcalcium that was successfully infiltrated. The calcium then heat fhiit

had a flesh calcium content of494.05 yug •(g dry wt)"'(Fig III-2). This was significantly
more than the controls but also significantly less than the calcium only and heat then calcium
fiaiit. There was not a high enough calcium concentration in the fhiit to have an effect. This

treatment should have a similar calcium concentration as the calcium only and heat then

calcium treatments. An explanation for this lies with the fhiit that were discarded. It appears
that the injury was related to a high concentration ofcalcium. The uninjured fhiit had a lower
calcium content. Therefore, the higher calcium concentration fhiit in the calcium then heat
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treatment were culled out of the experiment due to injury. If the discarded fruit had been
sampled with those that showed no injury, the average calcium concentration ofthe calcium

then heat treatment would have been similar to the other two treatments receiving calcium.
In part I, no differences in respiration rate within treatments across time were found

(Table 111-2). The only significant dififerences found among treatments within sampling times
were at the 7 day sampling time. Heat, calcium, heat then calcium, and calcium then heat

treatments were all found to have lower respiration rates than the control. This was expected

for all the treatments receiving heat. Lurie and Klein (1990) previously showed a reduction

in the respiration rate of'Anna' apples after a prestorage heat treatment of38 C for four days.
However,they found the reduction immediately after placing the fiuit at 20 C. The three day
heating period utilized in this experiment may not have been long enough for the 'Braebum'
cultivar.

The calcium only treatment unexpectedly caused a reduction in respiration rate compared
to control fiuit at 7 days post treatment. Numerous experiments have shown calcium to have

no aflFect on respiration rate(Sams and Conway, 1984; Conway and Sams, 1987). The only
exception is when native levels of calcium are below 110 )Ug • g"'(Faust and Shear, 1972).
This was not the case in this experiment. Native (control) calcium levels were approximately
223.70 Aig•(g dry wt)"'(Fig. 111-2). Again, it is possible that this level of calcium may be low
enough to elicit a response fi-om added calcium for this cultivar. No additive effects resulted
from the combination of calcium and heat treatments.

Differences in respiration rate were found also in part II ofthe experiment(Fig. III-3).
The calcium then heat fiuit had the highest respiration rate. This was totally unexpected and
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Table 111-2. Heat and calcium eflFects on respiration rate of'Braebum' apple fruit held

continuously at 20 C for various lengths oftime.

Respiration^

(mg CO,- kg-^- h"^)
Sampling Time(Days)
Treatment

Contrasts^

2

7

14

30

L

Q

Control

19.55 a

20.81 a

20.26 a

17.92 a

NS

NS

Heat

18.03 a

16.45 b

19.08 a

18.16 a

NS

NS

Calcium

17.74 a

16.21 b

16.81 a

16.31 a

NS

NS

Heat then Calcium

18.93 a

13.12b

17.18 a

17.79 a

NS

NS

Calcium then Heat

18.63 a

16.45 b

N/A

N/A

NE

NE

^ean separation within columns by Duncan's Multiple Range test,P^O.05.
y

Data were analyzed within rows utilizing linear(L)and quadratic(Q)contrasts. NE and NS
are not estimable and nonsignificant at P^O.05.
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was most likely due to fruit injury. Due to a limited number offruit to choose from, some
fruit with minor injuries were used. Also, some fruit had sub-epidermal injuries that were not
visible until the fruit was peeled. These injuries were probably the cause of the elevated
respiration rate. The only other treatment that was different from the control was the calcium

treatment. Fruit in the calcium treatment had a respiration rate of 5.40 mg carbon dioxide*

kg' • h' as compared to 8.84 for the control fruit. This reduction in respiration rate
combined with that of part I lends support to the theory that these 'Braebum'fruit may have
had a deficient level of native calcium. The only explanation for no reduction in the
treatments receiving heat is that the sampling time was too late and the respiration rate ofthe
treated fhiit had recovered and attained control levels. Once again, no additive effects of
calcium and heat were apparent.

The heat and calcium treatments caused a decrease in ethylene production rates(Table
III-3). At two days, the ethylene production rates of heat- and calcium-treated fhiit were

3.46% and 43.04% of the controls, respectively. As time was extended, the amount of
ethylene reduction decreased. By 30 days, the ethylene production rates of heat and calcium

treated fhiit were 87.50% and 72.06% ofthe controls, respectively. Ifthe experiment had
continued past 30 days, the treatments probably would have eventually reached the level of

and even surpassed that of the controls. This phenomenon has previously been reported
(Sams and Conway, 1984; Biggs et al., 1988; Klein, 1989). The data suggested that heat and

calcium had different inhibitory effects on ethylene production. The heat treatment initially
(two days) lowered the ethylene production rate more than the calcium treatment (2.02 as
compared to 25.12 /il• kg"'• h"^). However at 30 days, the ethylene production rate for heat
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Table in-3. Heat and calcium effects on ethylene production rate of'Braebum' apple fruit

held continuously at 20 C for various lengths oftime.

Ethylene Production

(jil • kg'^- h"^)
Sampling Time(Days)
Treatment

2

7

14

30

58.37

57.31

67.32

49.61

2.02

32.33

46.37

43.41

25.12

35.83

40.51

35.75

Heat then Calcium

6.02

10.15

20.79

31.90

Calcium then Heat

2.08

20.53

N/A

N/A

Control

Heat

Calcium

Contrasts^
Control, Day 2 vs Heat, Day 2

*♦

Control, Day 2

vs Calcium, Day 2

**

Heat, Day 2

vs Calcium, Day 2

*♦

Control, Day 30 vs Heat, Day 30

NS

Control, Day 30 vs Calcium, Day 30

**

Heat, Day 30

vs Heat then Calcium, Day 30

**

Heat, Day 30

vs Calcium, Day 30

Heat, Day 2

vs Heat, Day 30

*

**

Calcium, Day 2 vs Calcium, Day 30

^NS, * and ** are nonsignificant and significant atP^O.05 and 0.01 respectively.
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treated fruit had attained control levels while that of the calcium-treated fruit were still

suppressed, suggesting that the calcium induced reduction was longer lasting than the heat

induced reduction. Since the heat treatment was initially very pronounced but short lived, the
mode ofaction was likely at the enzymatic level. Synthesis ofethylene biosynthetic enzymes
may have been prohibited and/or existing enzymes denatured during the heat treatment but

resumed once the fruit were placed at 20 C. Previously Lurie and Klein (1990) stated a
similar hypothesis. The calcium treatment most likely had a different effect. The calcium
treatment did not have as great an effect but it lasted for a longer time. Therefore, it is
possible that cellular membranes may have been affected instead of enzymes. More

specifically, membrane fluidity may have been preserved. Arie et al. (1982)reported more
fluid membranes in tissues treated with calcium. EFE is thought to be membrane associated

(Kende, 1989)and could have been indirectly affected. But the seven day sampling time was
the only time at which EFE activity appeared to be inhibited (Table III-4).
In part U, all treatments resulted in a lower ethylene production rate than the control flmit

(Fig. in-4). The heat then calcium treated fruit exhibited a lower rate than those heated only,
but it was not different from calcium only treated fruit. Therefore, it appears that calcium

infiltration after prestorage heat treatment has an added benefit over the heat treatment by
itself This was also seen in part I. Calcium infiltration prior to heat treatment does not seem

to have any added advantages over heating only. However as mentioned previously, these
calcium then heat samples were not a true, unbiased sample. The fioiit sampled had a lower

calcium concentration than the calcium and heat then calcium finit and may not have had a

sufficient amount of calcium to produce the effect. Therefore, the reduction in ethylene
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Table 111-4. Heat and calcium eflFects on ACC concentration of'Braebum' apple fruit held

continuously at 20 C for various lengths oftime.

ACC Concentration^

(nmol •(g fresh wt)"^)
Sampling Time(Days)
Treatment

Contrasts''

2

7

14

30

L

Q

Control

1.099 ab

1.100a

1.095 a

1.033 a

NS

NS

Heat

0.388 c

1.667 a

0.899 a

0.987 a

NS

NS

Calcium

0.582 b c

3.152b

2.182 a

1.515 a

NS

NS

Heat then Calcium

0.335 c

0.407 a

0.980 a

0.388 a

NS

NS

Calcium then Heat

1.253 a

1.001 a

N/A

N/A

NE

NE

^ean separation within columns by Duncan's Multiple Range test, P^O.05.
y

Data were analyzed within rows utilizing linear(L)and quadratic(Q)contrasts. NE and NS
are not estimable and nonsignificant at P^O.05.
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production was due solely to the heat treatment. Ifthis were the case, one would not expect
the calcium then heat samples to be diflFerent from the samples only receiving heat, which was
the case.

In an attempt to explain the mode of reduction of ethylene production by calcium and
heat, the key enzymes of the ethylene biosynthetic pathway were studied. An indirect
measure of ACC synthase and EFE activities is ACC concentration. A buildup of ACC in
treated tissue would be an indication ofan inhibition ofEFE activity. Conversely, a reduction

of ACC in treated tissue would be evidence for an inhibition of ACC synthase activity. At
the two-day sampling time in part I, heat and heat then calcium treated fruit had a significantly
lower concentration of ACC compared to the control fmit (Table III-4). As alluded to

earlier, this would indicate an inhibition of ACC synthase activity. For the heat only
treatment, these data support that found by Biggs et al. (1988). No data are presently
available for the combination treatment of heat and calcium. The calcium and calcium then

heat treated fruit were not different in ACC concentration from the control at two days(Table
III-4).

At seven days, the only difference in ACC concentration was the calcium only treated

fruit. The calcium treated fruit had a mean ACC concentration of3.152 nmol•(g fresh wt)'^
compared to 1.100 nmol•(g fresh wt)"'for control fruit. This suggests that EFE activity was
being inhibited. At 14 and 30 days, no differences were reported in ACC concentration.
Time did not have an affect on ACC concentration for any ofthe treatments.

Compared to the control fruit, no differences in ACC concentration were often reported

in part I. But, ethylene production was inhibited by all treatments when compared to the
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controls at each of the sampling times. This suggested that the conjugation of ACC to
MACC by ACC N-malonyltransferase may play a role in the induced reduction. MACC

concentration was measured at two days and found not to be different among the treatments

(Fig. in-5). This has previously been found herein (chapter II) and elsewhere (Klein, 1989).
Because the procedure for MACC quantification is time consuming and no differences where

found here at two days or in previous publications, MACC concentration was not assayed at
the 7, 14, and 30 day sampling times.
In part II of the experiment, the only fiiiit found different from the controls in ACC

concentration was the calcium then heat treated fruit (Fig. III-6). The calcium then heat

treated fiojit had a mean concentration of 0.392 nmol •(g fresh wt)"' higher than the control

fruit. This would indicate an inhibitory effect on EFE activity. This was not found in part
I ofthe experiment.

The conversion efficiency of the ACC assays were measured to see if any of the
treatments had an effect on the ability ofthe assay to accurately report ACC concentration.
To do this, 1000 nM ACC spikes were incubated with tissue from each treatment and ran

through the assay. None ofthe treatments had an effect on the conversion efficiency ofthe
assay in either part I(Table III-5) or part II (Fig. III-7) ofthe experiment.
A direct measure ofEFE activity was employed on the fhiit in part II ofthe experiment.

The procedure used tissue discs fi-om the Suit and tested their ability to convert exogenously
applied ACC to ethylene. The heat, heat then calcium, and calcium then heat treatments all

reduced EFE activity (Fig. III-8). Except the calcium then heat treatment, this does not

support the conclusions drawn from the ACC analysis for part II. ACC concentration (no
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Table 1II-5. Conversion of 1000 nM spikes of 1-aminocyclopropane-l-carboxylic acid in
calcium- and heat-treated'Braebum'apple fruit held continuously at 20 C for various lengths
oftime.

ACC Conversion Assay'
(nmol)

Sampling Time(Days)
Treatment

Contrasts^

2

7

14

30

L

Q

Control

939.2 a

1147.9 a

906.4 a

983.9 a

NS

NS

Heat

831.1 a

1292.4 a

1187.8 a

965.7 a

NS

NS

Calcium

949.1 a

1560.4 a

1155.5 a

981.9 a

NS

NS

Heat then Calcium

932.5 a

1253.7 a

1159.4 a

992.8 a

NS

NS

Calcium then Heat

936.9 a

1355.8 a

N/A

N/A

NE

NE

\fean separation within columns by Duncan's Multiple Range test, P^O.05.

^Data were analyzed within rows utilizing linear(L)and quadratic(Q)contrasts. NE and NS
are not estimable and nonsignificant at P<0.05.
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inhibition ofEFE)ofthe heat, heat then calcium, and control fruits did not differ. Since the

EFE assay is a more direct measure ofEFE activity than the ACC assay, the results ofthe
EFE assay are more reliable. Also, the EFE activity assay showed that the heat treatment

affected EFE activity as was reported previously by Klein(1989). The question arises ofwhy
the ACC assay did not show the same effect. The most probably answer was that there were
not enough samples taken to get an accurate measure.

The calcium treatment in part II did not inhibit the EFE activity (Fig. III-8). Also, the

ACC concentration was not statistically different from that of the control (Fig. III-6).
However, there was a trend toward reduction of ACC in the tissue. If this trend is real, it

would appear that calcium has an inhibitory effect on ACC synthase. Ifthis trend is not real,
two explanations exist for why calcium may cause a reduction in ethylene production. One,
there was an error in the extraction procedure. Two,there is another metabolic fate of ACC
that is not known currently.

CONCLUSION

In this experiment,'Braebum' apple fhiit were heat(38 C, three days) and calcium(2%,
lOBkPa, five minutes)treated alone and in combination to study the effect ofthe treatments
on fiuit quality and the ethylene biosynthetic enzymes. The only difference in fmit firmness
among treatments within a given sampling time was observed at 14 days in part I of the
experiment. Heat then calcium significantly inhibited softening at this sampling time.
Expectations were that all treatments would significantly reduce the rate of fhiit softening
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immediately after treatment. The most logical explanation why this did not occur is that the

heat and calcium treatments were not optimized for this cultivar of apple. As expected all
treatments were less firm at 30 days than at two days.

The calcium then heat treatment caused a great deal of fhiit injury. Symptoms were
large, dark brown, irregular shaped, soft areas on portions ofthe finait. The injury rendered
approximately 50% ofthe fiuit in both part I and part n ofthe experiment useless. The cause

of this injury is not known, but is possibly related to damage of the cell wall and/or cell
membrane. Interestingly, no injury was seen on heat then calcium fruit.

Calcium was the only treatment that lowered the respiration rate in both part I and part
11. Calcium addition generally only has an effect on respiration when native calcium levels

are low (on average below 110 //g • g"'). The fruit used in this experiment had a native
(control)calcium concentration of223.70 //g • g*', which could be deficient for this cultivar.

Heat was expected to cause a reduction in respiration rate at each sampling time in part I and

in part 11. Again, the most plausible explanation deals with the cultivar of apple used. No

previous work has been done on "Braebum'and it is likely that the heat duration ofthree days
was not long enough to have the optimum effect.

The heat and calcium treatments resulted in a reduction ofethylene production. The heat
treatment reduced ethylene production quickly but was short lived while the calcium

treatment did not have as great an effect, but the reduction was longer lived. These data

suggest that heat and calcium had different modes ofaction in reducing ethylene production.
The l-aminocyclopropane-l-carboxylic acid(ACC)and l-(malonylamino)cyclopropane1-carboxylic acid (MACC) data for part I indicate that the heat and heat then calcium
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treatments inhibit ACC synthase activity and the calcium treatment inhibits EFE activity.
However, a direct measure ofEFE activity in part II ofthe experiment indicates that the heat,

heat then calcium, and calcium then heat treatments all inhibit EFE activity and the calcium
treatment does not affect EFE activity. However, the fruit in part II ofthe experiment were
sampled at a later date and, therefore, were older than the fruit in part I. These effects could
be age dependent.

There were many discrepancies and ambiguities in the results of this experiment.
Therefore, this experiment should be repeated but with some changes. Either a different
cultivar of apple should be used or preliminary experiments performed to ascertain the

optimum heat and calcium infiltration parameters for'Braebum'fhiit. Also, the experiment
should have more sampling times and be run for a longer time to obtain a larger set of data

for the ethylene reduction. A direct measure ofACC synthase activity should be incorporated
instead of using ACC concentration as an indirect measure. A larger number of fruit and
more subsamples should be tested to counteract the large amount offruit to fruit variation.

92

LITERATURE CITED

Arie, R., S. Lurie and A.K. Mattoo. 1982. Temperature-dependent inhibitory effect of
calcium and spermine on ethylene biosynthesis in apple discs correlate with changes in
microsomal membrane microviscosity. Plant Sci. Lett. 24:239-247.

Betts, H.A. and W.J. Bramlage. 1977. Uptake of calcium by apples from postharvest dips
in calcium chloride solutions. J. Amer. Soc. Hort. Sci. 102(6):785-788.
Biggs, M.S., W.R Woodson and A.K. Handa. 1988. Biochemical basis of high-temperature
inhibition of ethylene biosynthesis in ripening tomato fhiits. Physiol. Plant. 72:572-578.
Blanpied, G.D., W.J. Bramlage, D.H. Dewey, R.L. LaBelle, L.M. Massey, Jr., G.E. Mattus,
W.C. Stiles and A.E. Watada. 1978. A standardized method for collecting apple pressure
test data. New York Food and Life Sci. Bui. No. 74.

Brady, C.J. 1987. Fruit ripening. Ann. Rev. Plant Physiol. 38:155-178.
Conway, W.S. and C.E. Sams. 1983. Calcium infiltration of'Golden Delicious' apples and
its effect on decay. Phytopath. 73:1068-1071.
Conway, W.S. and C.E. Sams. 1987. The effects of postharvest infiltration of calcium,
magnesium, or strontium on decay, firmness, respiration, and ethylene production in
apples. J. Amer. Soc. Hort. Sci. 112(2):300-303.
Conway, W.S., C.E. Sams, C.Y. Wang and J.A Abbott. 1994. Additive effects of postharvest
calcium and heat treatments on reducing decay and maintaining quality in apples. J.
Amer. Soc. Hort. Sci. 119(l):49-53.
Doesburg, J.J. 1965. Pectic substances in fresh and preserved fruits and vegetables. IBVT
Comm. No. 25.

Drake, S.R. and P.R. Fridlund. 1986. Apple quality as influenced by method of CaClj
application. J. Food Qual. 9:121-127.
Eaks,I.L. 1978. Ripening, respiration, and ethylene production of'Hass' avocado fhiits at 20
to 40 C. J. Amer. Soc. Hort. Sci. 103(5):576-578.

Faust, M. and C.B. Shear. 1972. The effect of calcium on respiration of apples. J. Amer.
Soc. Hort. Sci. 97(4):437-439.

93

Femandez-Maculet, J.C. and S.F. Yang. 1992. Extraction and partial characterization ofthe
ethylene-forming enzyme from apple fruit. Plant Physiol. 99:751-754.
Glenn, G.M., B.W. Poovaiah and H.P. Rasmussen. 1985. Pathways ofcalcium penetration
through isolated cuticles of 'Golden Delicious' apple fruit. J. Amer. Soc. Hort. Sci.
110:166-171.

Hoffman, N.E., S.F.

Yang

and

T.

McKeon.

1982.

Identification

of 1-

(malonylamino)cyclopropane-l-carboxylic acid as a major conjugate of 1aminocyclopropane-l-carboxylic acid, an ethylene precursor in higher plants. Biochem.
Biophys. Res. Commun. 104(2):765-770.

Kende, H. 1989. Enzymes of ethylene biosynthesis. Plant Physiol. 91:1-4.

Klein, J.D. 1989. Ethylene biosynthesis in heat-treated apples. In: H. Clijsters, M. de Proft,
R. Marcelle, and M. van Pouche (eds). Biochemical and physiological aspects of
ethylene production in lower and higher plants. Kluwer Academic Publishers, Dordrecht,
The Netherlands, pp. 181-189.

Klein, J.D. and S. Lurie. 1990. Prestorage heat treatment as a means of improving
poststorage quality of apples. J. Amer. Soc. Hort. Sci. 115(2):265-269.

Klein, J.D., S. Lurie and R. Ben-Arie. 1990. Quality and cell wall components of'Anna' and
'Granny Smith' apples treated with heat, calcium, and ethylene. J. Amer. Soc. Hort. Sci.
115(6):954-958.

Klein, J.D. and S. Lurie. 1992. Heat treatments for improved postharvest quality of
horticultural crops. HortTech. 2(3):316-320.

Knee, M. 1978. Properties of polygalacturonate and cell wall cohesion in apple fhait cortical
tissue. Phytochem. 17:1257-1260.

Liu, F.W. 1978. Modification of apple quality by high temperature. J. Amer. Soc. Hort.
Sci. 103(6):730-732.

Lizada, M.C.C. and S.F. Yang. 1979. A simple and sensitive assay for 1-aminocyclopropane1-carboxylic acid. Anal. Biochem. 100:140-145.

Lurie, S. and J.D. Klein. 1990. Heat treatment of ripening apples: Differential effects on
physiology and biochemistry. Physiol. Plant. 78:181-186.
Lurie, S. and J.D. Klein. 1992. Calcium and heat treatments to improve storability of'Anna'
apples. HortScience 27(l):36-39.
94

Mason, J.L., JJ. Jasmin and R.L. Grranger. 1975. Softening of Mclntosh' apples reduced by
a post-harvest dip in calcium chloride solution plus thickener. HortScience
10(5):524-525.

Maxie, E.G., E.G. Mitchell, N.F. Sommer, R.G. Snyder and H.L. Rae. 1974. Effect of
elevated temperature on ripening of'Bartlett' Pear, Pyrus communis L. J. Amer. Soc.
Hort. Sci. 99(4):344-349.

Njoroge, C.K. and E.L. Kerbel. 1991. Effect of calcium on ethylene biosynthesis in tomato
fruit. HortScience 26(6):81.(Abstract)

Porritt, S.W. and P.D. Lidster. 1978. The effect of pre-storage heating on ripening and
senescence of apples during cold storage. J. Amer. Soc. Hort. Sci. 103(5):584-587.
Sams, C.E. and W.S. Conway. 1984. Effect of calcium infiltration on ethylene production,
respiration rate, soluble polyuronide content, and quality of'Golden Delicious' apple fruit.
J. Amer. Soc. Hort. Sci. 109(l):53-57.
Sams, C.E., W.S. Conway, J.A. Abbott, R.J. Lewis and N. Ben-Shalom. 1993. Fimmess and

decay ofapples following postharvest pressure infiltration of calcium and heat treatment.
J. Amer. Soc. Hort. Sci. 118(5):623-627.
SAS, 1990. SAS/STAT User's Guide Volume 2. Version 6, fourth edition. SAS Institute Inc.
Cary,NC. 27512-8000.

95

APPENDICES

96

APPENDIX A

CALCULATIONS
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CALCULATION OF FRUIT VOLUME BY DISPLACEMENT

1. Using a graduated cylinder, measure 4000 ml of water and pour into a 4000 ml or
larger plastic beaker. On the outside of the beaker, mark the top level of the water
with tape or a grease pencil.

2. Return the water to the graduated cylinder.

3. Place the fruit into the beaker and place a weighted object on top of the fmit. The
weighted object insures the fiuit remain submerged after the water is applied. Depending
on the number and size ofthe fiuit, this step may have to be repeated more than once for
each sample. If this is the case, the total volume for each sample can be obtained by
suming all ofthe subsample volumes.

4. Pour the water in the graduated cylinder into the beaker with the fhiit until the water

level reaches the mark on the outside of the beaker. Pour any excess water in the
graduated cylinder into a separate container.

5. Remove the weighted object and the fiiiit from the beaker.

6. Pour the water in the beaker back into the graduated cylinder and measure the amount
of water to the nearest ml. Record this value.

7. Perform the above steps for the weighted object in the same manner as described for
the fhiit except in step 3, place only the weighted object into the beaker.
8. Calculate the fiuit volume (in ml)using the following equation:
fhiit volume = 4000 -(a - b)
Where,

a = recorded volume ofthe weighted object
b = recorded volume ofthe weighted object and the fhiit
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CALCULATION OF RESPIRATION RATE

1. Calculate the percent COj in the sample using the following equation:
% COj=(std » sample area)/ std area
Where,

std = concentration ofthe standard (in percent)

sample_area = the reported peak area ofthe sample from the integrator printout
std_area = the reported peak area ofthe standard from the integrator printout
2. Convert percent COjto nl • ml"' of CO2:
nl • ml"' of CO2=% CO2 » 10,000
3. Calculate the temperature correction factor (tcf):
tcf=(22.4 ♦ (1 +(C / 273)))/ 44.01
Where,

22.4 = volume of any gas at standard temperature and pressure
C = air temperature in degrees Celsius
273 = degrees Kelvin

44.01 = molecular weight ofcarbon dioxide

4. Calculate the respiration rate, in mg CO2 • Kg"' • h"', with the following equation:

Respiration Rate =((nl • ml"') *(vol) » (10'))/((10*) * (tcf) *(wt) * (t))
Where,

nl • ml"'= amount of CO2(calculated in 2)
vol = volume ofthe container in ml(minus volume offhiit)
tcf= temperature correction factor (calculated in 3)
wt = total weight ofthe fhiit in Kg
t = amount oftime, in hours, the fruit were incubated in the container
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CALCULATION OF ETHYLENE PRODUCTION RATE

1. Calculate the ethylene concentration, in jil • liter"^ in the sample using the following
equation:

ethylene concentration =(std » sample_ht)/ std_ht
Where,

std = concentration ofthe standard (in pi • liter"')

sample_ht = the reported peak height ofthe sample from the integrator printout
std_ht = the reported peak height ofthe standard from the integrator printout
2. Calculate the ethylene production rate, in pi • kg"' • h"', with the following equation:
Ethylene Production Rate =((pi • liter"') * (vol))/((wt) * (t))
Where,

pi • liter"' = amount of ethylene (calculated in 1)
vol = volume ofthe container in liters(minus volume offruit)
wt = total weight ofthe fruit in kg
t = length oftime, in hours, the fruit were incubated in the container
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CONVERSION OF POUNDS OF FORCE TO NEWTONS

Firmness values, in pounds of force, can be converted to newtons with the following
equation;

N =(pounds offorce) * 4.44822
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CALCULATION OF CALCIUM CONTENT

The fruit calcium content, in jig * (g dry wt)'^ is obtained by using the following equation:
calcium content =((icp) * (df))/ wt
Where,

icp = the calcium value on the icp printout

df= the dilution factor (the amount ofHCl added to the sample)
wt = weight ofthe dried sample tissue
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CALCULATION OF ACC CONCENTRATION

1. Calculate the amount of ethylene (in ^l • liter"') in the sample using the following
equation;

pi * liter' ethylene = (std * sample_ht)/ std ht
Where,

std = concentration ofthe standard (in pi • liter"')
sample_ht = the reported peak height ofthe sample from the integrator printout
std_ht = the reported peak height ofthe standard from the integrator printout
2. Calculate the temperature correction factor (tcf):
tcf=(22.4 *(1 +(C / 273)))/ 28.04
Where,

22.4 = volume of any gas at standard temperature and pressure
C = air temperature in degrees Celsius
273 = degrees Kelvin
28.04 = molecular weight of ethylene

3. Calculate the amount of ethylene (in nmol • g"') in the sample with the following
equation:

nmol • g"' ofethylene =((pi • liter"') *(vol) * (10'))/((10®) * (tcf) *(wt)
Where,

pi • liter"' = concentration of ethylene (calculated in 1)
vol = volume ofthe container in liters (minus volume offhiit)
10'= nmoles in one mole

10®= pi in one liter
tcf= temperature correction factor (calculated in 2)in liters • gram
wt = fresh weight ofthe sample in g

4. The conversion of ACC to ethylene is considered 1:1. Therefore, the nmol • g"' of
ethylene calculated in step 3 is equivalent to the ACC concentration.
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CALCULATION OF MACC CONCENTRATION

1. Calculate the ACC concentration in the MACC samples as described previously on page
105.

2. For each sample, subtract the native ACC concentration from that calculated in the
MACC samples. The difference is the MACC concentration.
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Table B-1. Ethylene production and respiration rates ofcontrol and heat-treated 'Delicious'
apples in experiment I.

Ethylene Production

Respiration

Removal'

Tmt

Rep

(pi • kg"^-h"

™ . -i .-U

1

Control

1

32.140

23.250

1

Control

2

32.801

23.812

1

Control

3

31.634

28.758

1

Heat

1

15.844

25.658

1

Heat

2

13.586

18.122

1

Heat

3

22.104

22.246

2

Control

1

148.041

28.467

2

Control

2

2

Control

3

140.649

36.677

2

Heat

1

97.258

24.285

2

Heat

2

2

Heat

3

23.337

30.255
88.616

Removal 1=2 Weeks,Removal 2= 2 Months
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29.389

Table B-2. Calcium content and firmness values of control and heat-treated Delicious'

apples in experiment I.
Calcium Content

Firmness

Removal^

Tmt

Rep

(pg-g drywt"*)

(N)

1

Control

1

431.50

68.102

1

Control

2

266.12

70.282

1

Control

3

347.17

68.191

1

Heat

1

242.26

64.232

1

Heat

2

268.35

64.499

1

Heat

3

365.70

62.542

2

Control

1

146.50

55.514

2

Control

2

136.90

56.759

2

Control

3

156.10

56.982

2

Heat

1

149.85

52.756

2

Heat

2

152.75

54.001

2

Heat

3

146.95

55.025

2

Removal 1=2 Weeks,Removal 2= 2 Months
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Table B-3. 1-aminocyclopropane-l-carboxylic acid concentration and assay conversion
efficiency of control and heat-treated 'Delicious' apples in experiment I.
ACC Concentration

Assay Conversion
(nmol)

Removal^

Tmt

Rep

1

Control

1

458.629

538.21

1

Control

2

211.913

431.45

1

Control

3

172.104

663.34

1

Heat

1

319.318

577.60

1

Heat

2

247.750

219.17

(nmol •(g fresh wt))

1

Heat

3

409.700

506.08

2

Control

1

36.790

1114.37

2

Control

2

11.432

813.02

2

Control

3

59.438

848.60

2

Heat

1

55.473

856.55

2

Heat

2

57.470

810.66

2

Heat

3

54.586

922.72

^Removal 1=2 Weeks,Removal 2= 2 Months
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Table B-4. Soluble solids content and l-(malonylamino)cyclopropane-l-carboxylic acid
concentration ofcontrol and heat-treated 'Delicious' apples in experiment L
Soluble Solids

MACC Concentration

Tmt

Rep

(Percent)

(nmol •(g fresh wt)"^)

1

Control

1

10.80

0.2144

1

Control

2

11.70

0.5758

1

Control

3

12.18

0.6542

1

Heat

1

12.98

0.9223

1

Heat

2

12.78

0.5550

Heat

3

12.42

0.5610

2

Control

1

0.4442

2

Control

2

0.6367

2

Control

3

0.5874

2

Heat

1

0.9656

2

Heat

2

0.8350

2

Heat

3

0.5978

Removal

Removal 1=2 Weeks,Removal 2= 2 Months
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Table B-5. Ethylene production and respiration rates ofcalcium and heat-treated "Braebum'
apples held continuously at 20 C in experiment n.

Ethylene Production

noval^

Tmt

Rep

(pi • kg"^- h

Respiration

(mg COj- kg'^- h'*)

1

Control

1

65.464

22.649

1

Control

2

57.357

18.484

1

Control

3

52.292

17.503

1

Heat

1

2.783

18.033

1

Heat

2

2.188

19.111

1

Heat

3

1.085

16.931

1

Calcium

1

27.937

18.168

1

Calcium

2

22.621

20.876

1

Calcium

3

24.797

14.171

1

Heat then Calcium

1

0.691

18.867

1

Heat then Calcium 2

0.865

18.283

1

Heat then Calcium 3

16.504

19.635

1

Calcium then Heat 1

2.863

21.273

1

Calcium then Heat 2

2.170

20.491

1.208

14.121

1

Calcium then Heat 3

2

Control

1

50.820

20.114

2

Control

2

61.680

19.773

2

Control

3

59.443

22.547

2

Heat

1

32.675

16.212

2

Heat

2

40.155

18.200

2

Heat

3

24.169

14.943

2

Calcium

1

37.144

14.499

2

Calcium

2

36.310

19.154

2

Calcium

3

34.037

14.970

2

Heat then Calcium

1

13.754

15.992

2

Heat then Calcium 2

8.999

10.086

2

Heat then Calcium 3

7.687

13.272

2

Calcium then Heat 1

17.290

15.460

2

Calcium then Heat 2

28.094

16.962

2

Calcium then Heat 3

16.212

16.922
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Table B-5. (continued).

Ethylene Production
Removal

Tmt

Rep

(pi • kg"^- h

Respiration

(mg COj- kg'^- h^)

3

Control

1

67.775

21.637

3

Control

2

63.645

19.554

3

Control

3

70.539

19.585

3

Heat

1

51.755

19.064

3

Heat

2

46.466

17.063

3

Heat

3

40.908

21.122

3

Calcium

1

37.550

16.301

3

Calcium

2

39.428

16.172

3

Calcium

3

44.563

17.953

3

Heat then Calcium

1

18.137

18.754

3

Heat then Calcium 2

25.006

19.415

3

Heat then Calcium 3

19.231

13.359

4

Control

1

55.568

20.475

4

Control

2

48.624

17.825

4

Control

3

44.627

15.457

4

Heat

1

43.553

18.018

4

Heat

2

45.324

21.886

4

Heat

3

41.353

14.472

4

Calcium

1

36.970

16.769

4

Calcium

2

39.331

15.188

4

Calcium

3

30.944

16.970

4

Heat then Calcium

1

32.364

19.681

4

Heat then Calcium 2

36.003

13.838

4

Heat then Calcium 3

27.319

19.860

^Removal 1 = 2 Days, Removal 2= 7 Days, Removal 3 = 14 days. Removal 4 = 30 Days
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Table B-6. 1-aminocyclopropane-l-carboxylic acid concentration and firmness values of
calcium- and heat-treated Braebum' apples held continuously at 20 C in experiment H.
ACC Concentration

Firmness

Rep

(nmol •(g fresh wt)"^)

(N)

Control

1

1.151

56.982

Control

2

1.048

57.738

Control

3 .

Heat

1

0.321

58.894

Heat

2

0.455

60.229

Heat

3

aoval^

Tmt

58.628

60.941

Calcium

1

0.584

58.049

Calcium

2

0.581

61.297

Calcium

3

Heat then Calcium

1

0.353

61.741

Heat then Calcium

2

0.317

52.756

Heat then Calcium

3

Calcium then Heat

1

0.919

62.675

Calcium then Heat

2

1.588

66.946

59.873

53.290

Calcium then Heat

3

2

Control

1

1.357

57.738

2

Control

2

1.362

60.852

2

Control

3

0.582

54.446

2

Heat

1

2.110

63.120

2

Heat

2

2.110

57.871

2

Heat

3

0.780

57.204

2

Calcium

1

62.275

55.736

2

Calcium

2

2.358

2

Calcium

3

3.946

58.583

2

Heat then Calcium

1

0.312

67.657

2

Heat then Calcium

2

0.375

56.003

2

Heat then Calcium

3

0.533

55.647

2

Calcium then Heat

1

0.794

61.385

2

Calcium then Heat

2

1.339

64.944

2

Calcium then Heat

3

0.870

56.137
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64.633

Table B-6. (continued).
ACC Concentration
Removal

Tmt

Rep

(nmol •(g fresh wt)"*)

Firmness

(N)

3

Control

1

1.288

53.557

3

Control

2

0.915

51.466

3

Control

3

1.083

54.624

3

Heat

1

0.473

56.804

3

Heat

2

0.688

54.224

3

Heat

3

1.536

54.224
55.647

3

Calcium

1

1.518

3

Calcium

2

0.294

58.005

3

Calcium

3

4.734

51.377

3

Heat then Calcium

1

1.254

61.563

3

Heat then.Calcium

2

1.376

59.918

3

Heat then Calcium

3

0.310

58.761

4

Control

1

0.914

46.439

4

Control

2

0.492

44.616

4

Control

3

1.694

43.281

4

Heat

1

1.008

45.995

4

Heat

2

0.888

49.909

4

Heat

3

1.067

42.658

4

Calcium

1

1.464

50.309

4

Calcium

2

0.289

49.242

4

Calcium

3

2.793

44.972

4

Heat then Calcium

1

0.397

50.265

4

Heat then Calcium

2

0.497

52.756

4

Heat then Calcium

3

0.271

45.327

^Removal 1=2 Days,Removal 2= 7 Days,Removal 3 = 14 days. Removal 4 = 30 Days
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Table B-7. l-(malonylamino)cyclopropane-l-carboxylic acid concentration at the two day
sampling time of calcium- and heat-treated "Braebum' apples held continuously at 20 C in
experiment n.
MACC Concentration

Rep

(nmol •(g fresh wt)"^)

Control

1

0.625

Control

2

Control

3

0.420

Heat

1

0.780

Heat

2

Heat

3

0.387

Calcium

1

0.380

Calcium

2

Calcium

3

0.375

Heat then Calcium

1

0.541

Heat then Calcium

2

Heat then Calcium

Tmt

—

3

0.489

Calcium then Heat

1

0.401

Calcium then Heat

2

Calcium then Heat

3

0.502
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Table B-8. Ethylene production and respiration rates ofcalcium- and heat-treated'Braebum'
apples, stored at 0 C, at two months post treatment in experiment IL

Ethylene Production

Respiration

(mg COz-kg^-h*)

Rep

Sub

(pi • kg"^- h^)

Control

1

a

20.819

9.972

Control

1

b

19.152

10.500

Control

2

a

9.699

6.483

Control

2

b

9.784

7.572

Control

3

a

13.054

8.014

Control

3

b

13.239

10.509

Heat

1

a

14.948

10.102

Heat

1

b

14.974

6.211

Heat

2

a

7.357

6.609

Heat

2

b

6.417

5.612

Heat

3

a

11.054

7.871

Heat

3

b

11.039

6.772

Calcium

1

a

10.547

3.322

Calcium

1

b

10.307

7.265

Calcium

2

a

5.276

3.473

Calcium

2

b

13.644

6.529

Calcium

3

a

8.147

4.527

Calcium

3

b

6.674

7.262

Heat then Calcium

1

a

9.539

13.564

Heat then Calcium

1

b

7.116

8.197

Heat then Calcium

2

a

5.480

7.807

Heat then Calcium

2

b

6.127

5.608

Heat then Calcium

3

a

7.536

7.282

Heat then Calcium

3

b

7.353

6.892

Calcium then Heat

1

a

10.539

16.630

Calcium then Heat

2

a

4.836

12.680

Calcium then Heat

3

a

11.000

7.610

Tmt
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Table B-9. Firmness and ethylene forming enzyme activity values of calcium- and heattreated 'Braebum'^ples, stored at 0 C, at two months post treatment in experiment n.
Firmness
Tmt
Control

Rep

Sub

(N)

EFE Activity

(nl ethylene •

1

a

53.156

21.208

Control

1

b

53.957

22.731

Control

2

a

56.448

33.617

Control

2

b

50.754

28.679

Control

3

a

57.515

27.614

Control

3

b

56.937

23.025

Heat

1

a

50.710

14.028

Heat

1

b

56.225

16.373

Heat

2

a

57.738

22.305

Heat

2-

b

52.845

24.531

Heat

3

a

61.341

12.111

Heat

3

b

56.314

14.638

Calcium

1

a

56.003

25.048

Calcium

1

b

51.377

22.707

Calcium

2

a

54.001

28.625

Calcium

2

b

51.777

33.794

Calcium

3

a

52.622

29.219

Calcium

3

b

53.868

29.068

Heat then Calcium

1

a

58.405

16.430

Heat then Calcium

1

b

50.487

16.387

Heat then Calcium

2

a

54.891

2.985

Heat then Calcium

2

b

58.183

25.698

Heat then Calcium

3

a

52.622

21.940

Heat then Calcium

3

b

56.626

21.376

Calcium then Heat

1

a

53.734

17.647

Calcium then Heat

2

a

56.626

17.953

Calcium then Heat

3

a

74.063

20.067
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Table B-10. 1-aminocyclopropane-l-carboxylic acid concentration and assay conversion
efficiency of calcium- and heat-treated 'Braebum' apples, stored at 0 C, at two months post
treatment in experiment H.
ACC Concentration

Assay Conversion

Rep

Sub

(nmol •(g fresh wt)'^)

(nmol)

Control

1

a

0.760

1536.570

Control

1

b

0.730

1529.960

Control

2

a

0.450

952.450

Control

2

b

0.650

951.320

Control

3

a

0.970

880.284

Control

3

b

0.719

745.827

Heat

1

a

1.670

1031.310

Heat

1

b

0.830

1224.270

Heat

2

a

0.500

951.390

Heat

2

b

0.511

951.017

Heat

3

a

0.656

933.934

Heat

3

b

0.737

924.755

Calcium

1

a

0.430

1080.390

Calcium

1

b

0.310

862.330

Calcium

2

a

0.400

951.028

Calcium

2

b

0.270

951.584

Calcium

3

a

0.474

907.960

Calcium

3

b

0.625

924.211

Heat then Calcium

1

a

0.590

1241.430

Heat then Calcium

1

b

0.350

950.260

Heat then Calcium

2

a

0.289

938.224

Heat then Calcium

2

b

0.485

953.051

Heat then Calcium

3

a

0.718

862.482

Heat then Calcium

3

b

0.447

962.170

Calcium then Heat

1

a

0.780

1437.700

Calcium then Heat

2

a

1.004

949.399

Calcium then Heat

3

a

1.534

922.655

Tmt

117

Table B-11. Flesh calcium content of calcium- and heat-treated 'Braebum' apples in
experiment II.
Calcium Content
Tmt

Subsample

(pg-(gdry wt)"^)

Control

a

174.40

Control

b

273.00

Heat

a

215.10

Heat

b

240.73

Calcium

a

592.03

Calcium

b

689.90

Heat then Calcium

a

559.82

Heat then Calcium

b

765.97

Calcium then Heat

a

397.08

Calcium then Heat

b

591.01
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